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EDITORIAL REVIEW 


THE BIOASSAY OF VITAMIN K* 
S. ANSBACHER 
Division of Experimental Medicine, The Squibb Institute for Medical Research, 


New Brunswick, New Jersey 


(Received for publication August 1, 1940) 


In vitamin research, rapid progress is made possible by 
accurate methods of detecting and measuring the active prin- 
ciple. In investigations on vitamin K, biological procedures 
have been relied upon almost exclusively and, as with other 
vitamins, they were of the preventive or curative categories. 


PREVENTIVE BIOASSAYS 


In the early studies from 1929 to 1935, the preventive type 
of bioassay was solely employed. Dam (’35) assayed food- 
stuffs by rearing chicks for 1 month on a vitamin K-deficient 
ration in which the test material had been incorporated. If the 
blood clotting times of the animals fed this diet were con- 
siderably shorter than those of the controls receiving the defi- 
cient ration, then the material was considered to contain 
vitamin K. 

Almquist and Stokstad (’37b) adopted Dam’s method, 
shortened the test period to 2 weeks, and used clotting times 
of more than 30 minutes as criterion for a negative result. 
This technic was modified by Almquist et al. (’38) in that 
chicks were first reared on a deficient diet (Almquist and 
Stokstad, ’37 a) for 1 week, then from 7 to 14 or 21 days on 
the supplemented ration. The assay was terminated after 

* A part of the material in this paper was presented before the Chemistry Section 


of the American Association for the Advancement of Science, Gibson Island, 
Maryland, July 16, 1940. 


THE JOURNAL OF NUTRITION, VOL. 21, NO. 1 
JANUARY, 1941 
Copyright 1940. 

The Wistar Institute of Anatomy and Biology. 
All rights reserved. 








2 S. ANSBACHER 


7 days of supplementary feeding, when a series of suitable 
groups was available receiving the ‘‘ Almquist reference stan- 
dard,’’ a hexane extract of alfalfa to which no ‘‘unit’’ value 
was assigned. 

After attempts to shorten the assay time had failed, Alm- 
quist and Klose (’39a) described a third method, in which 
chicks were kept for 2 weeks on the supplemented diet follow- 
ing the initial week on the deficient ration, although spon- 
taneous cures had been observed to occur frequently during 
the third week. Moreover, the simple clotting test was replaced 
by Quick’s (’38) prothrombin determination showing less 
variability when carried out with whole blood than with 
plasma. However, according to Macfie et al. (’39), ‘‘deter- 
mination of crude blood-clotting times appears to offer a better 
means of biological assay than determination of prothrombin 
times, contrary to the recent findings of Almquist and Klose.’’ 

The preventive method of Almquist and Stokstad (’37 b) 
was employed by Dann (’38) whose unit was described by 
Snell (’39): The Dann unit is the least amount per gram of a 
chick’s body weight daily which is necessary to prevent pro- 
longation of clotting time beyond normal limits during a 2-week 
assay period. Dann noted that less than 50% of her negative 
controls had markedly prolonged clotting times and that the 
incidence of hemorrhage in these groups was less than 20%. 
In order to minimize the influence of these adverse conditions, 
a clotting time of less than 1 minute was considered normal, 
although it may be even longer than 6 minutes (Schgnheyder, 
36 a; Cheney, ’39). Later, Dann (’39) followed the example 
of Almquist and Klose (’39d) by adopting an assay based 
upon a curative technic; thus, all investigators confirmed 
Schénheyder’s (’36b) result: ‘‘Vitamin K is best estimated 
by the curative method.”’ 


CURATIVE BIOASSAYS 


The first curative bioassays were made by Schgnheyder 
(’36 b) with a technic based upon the observation that ‘‘ani- 
mals suffering from vitamin K deficiency became normal with 
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reference to clotting time in 3 days when given sufficient food 
containing vitamin K.’’ The coagulation process was deter- 
mined by a method similar to that of Quick (’38), but instead 
of measuring it as prothrombin time, the relation between the 
concentrations of the added clotting agent, which coagulate a 
plasma from a sick animal and normal plasma in 3 minutes at 
40°C., was considered as index of the degree of deficiency. The 
Schgnheyder unit of vitamin K is defined as the smallest daily 
dose of a test substance per gram of chicken for 3 days which is 
able to reduce the animal’s S value, i.e., the degree of sickness, 
from over 1500 to 10. This unit is small, but when it is multi- 
plied by 1000 it equals the amount of substance which is neces- 
sary to cure an animal with an S value of 1500 to 2000 and a 
weight of 333 gm. in the course of 3 days, the animal receiving 
one-third every day. 

Schgnheyder’s method was revised by Dam and Glavind 
(’38) who determined the degree of sickness of the individual 
animals prior to the assay. The Dam unit of vitamin K is 
defined as that amount which is to be administered to the test 
animal per gram of body weight in order to reduce its value 
R = 200 to 1, R = 5 K equals concentration of the tissue 


extract necessary to cause clotting of the blood plasma in 3 
minutes; K, equals the corresponding concentration for nor- 
mal plasma. Apparently Dam’s ‘‘R’’ value (Dam and Glavind, 
’40) is the same as Sch@nheyder’s ‘‘S’’ value divided 
by 10; it characterizes the degree of reduction of clotting 
power and is roughly 1 for normal chicks. Furthermore, a 
selected dried spinach powder, formed into tablets and stored 
under precautions securing stability, was chosen as a standard 
and found to contain 500 Dam units per gram. 

Thayer et al. (’38) modified Sch¢nheyder’s assay by replac- 
ing the complicated coagulation technic with the simple clot- 
ting test. Arbitrarily, 10 minutes or less was considered 
normal, although earlier data (Thayer et al., °37) had indi- 
cated a range of 1 to 6 minutes. The Thayer unit is defined as 
that quantity of material required to reduce the clotting time 
of the blood of 50% of a group of ten or more chicks, which 
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had been reared for the 14 days immediately following receipt 
from the hatchery on a diet practically devoid of vitamin K, 
to 10 minutes within the 3 days of administration of the test 
material. In a subsequent paper, Thayer et al. (’39 a) intro- 
duced dosage-response curves found to be of value only when 
several groups of birds were used, as it was necessary to find 
the dosage, the administration of which preduced a response 
that fell on the curve, preferably near its midpoint. These 
investigators (Richert et al., ’40) emphasized also the neces- 
sity of ascertaining the response of each group of chicks to a 
standard, believing that the variability of the degree of defi- 
ciency of different lots was the reason for gross inaccuracies 
in the bioassay. 

Ansbacher’s (’38) report that chicks responded to vitamin 
K within a very short time, which according to Cheney (’40) 
may be less than 30 minutes, caused Thayer et al. (’39 b) to 
reduce their period of assay to 18 hours and to administer the 
test material in a single dose. The Thayer-Doisy unit is based 
upon the shorter test and its definition is the same as that of 
the Thayer unit except for the assay period. 

Dann (’39) adopted the longer technic of Thayer et al. 
(’39 a), and Macfie et al. (’39) further prolonged the assay 
period by giving the test material divided into four equal 
portions on 4 successive days and killing the animals on the 
fifth day, i.e., after a no-dose period of 24 hours, for the deter- 
mination of clotting and prothrombin times. This method was 
used also by Almquist and Klose (’39 d) after they had found 
irregularity in the results obtained with preventive methods. 

A rapid curative assay was advocated by Ansbacher (’39) 
whose unit is defined as the minimum amount necessary to 
render the blood clotting time of the vitamin K-deficient chick, 
weighing 70 to 100 gm., normal within 6 hours after adminis- 
tration. He recommended that assays be made with a constant 
amount of menstruum, namely 0.10 ml., since the oil used as 
a medium for administering the test material appeared to 
interfere to a small but noticeable degree with the potency, 
an observation recently confirmed by Thayer et al. (740). 
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Furthermore, he preferred to make use of chicks showing pro- 
nounced hemorrhages in addition to markedly prolonged clot- 
ting times, thus assuring a more uniform deficiency. Indeed, 
Tidrick et al. (’39) found that hemorrhages appeared to occur 
only when the prothrombin content had fallen below about 
10% of the values seen in normal chicks of the same age. 

The use of a heated diet in place of an extracted fish meal 
ration employed by most investigators was recently proposed 
by Ansbacher (’40c¢). One of the major sources of K-vitamin 
synthesis (Almquist and Stokstad, ’35), so markedly inter- 
fering with bioassays, is thus eliminated, and the test period 
may be safely prolonged from 6 to 18 or 24 hours in order 
to allow adequate time for the maximum action of the vitamin 
(Tidrick et al., ’39). 

The ingenious bioassay of Flynn and Warner (’40) employs 
rats, the common bile duct of which is ligated after 7 to 8 
weeks’ subsistence on a diet known to be low in vitamin K. 
The prothrombin content of the blood, measured by the two- 
stage method of Warner et al. (’36) and Smith et al. (’37), 
was found to fall to a level of 10 to 25% of normal within 72 
hours following the operation, and the response to treatment, 
either by the intraperitoneal or intravenous route, was deter- 
mined by observing the speed and completeness of the pro- 
thrombin restoration. The rats can be employed several times, 
since the normal prothrombin level, brought about by vitamin 
K therapy, is maintained at best for a few days, but they be- 
come unsuitable as soon as general debility and hepatic cirrho- 
sis occur as a result of bile duct ligation. 


VITAMIN K UNITS 


The approximate relationships of various vitamin K units 
were estimated by Dam (’40), by Brinkhous (’40), by Riegel 
(’40), and Ansbacher (’40b) analyzed the bioassay methods for 
the purpose of evaluating 1 unit in terms of any other one (table 
1). Dam’s standard spinach preparation (Dam and Glavind, 
38), containing 500 Dam units per gram, was found to have 
a potency of 1 Ansbacher unit in 40 mg., i.e., 25 units/gm. 
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Therefore, 1 Ansbacher unit equals 20 Dam or 20 Schénheyder 
units, the two latter ones being of the same order of magnitude. 

A concentrate from alfalfa (Fernholz et al., ’39), having a 
potency of 1 Ansbacher unit in 50 ug., was assayed by the 
3-day curative test of Thayer et al. (’39a) and found to con- 
tain 1 Thayer unit in 50 pg. Therefore, Ansbacher’s unit 
equals Thayer’s unit, an expected result, since Dam et al. (’38) 
had noted ‘‘that the clotting power may be rendered normal 
between 4 and 6 hours after one single intravenous injection. 
The amount of vitamin injected was not very far from that 
which would have resulted in normal clotting power if it had 
been given on 3 successive days with 1/3 on each day.’’ 


TABLE 1 
Units of vitamin K 
( 0.16 ml. of the Almquist Reference Standard 
20 (1938) Dam 
124 (1940) Dam-Glavind 

4 (1938) Dann 
14 (1939) Dann + units 
20 (1936) Schgnheyder 
1 (1938) Thayer 
2 (1939) Thayer-Doisy 


1 Ansbacher unit equals 








Thayer et al. (’39b) noticed that the Thayer unit equals 
2 Thayer-Doisy units as shown by their statement: ‘‘ Actually, 
with birds of the same degree of deficiency approximately twice 
as much vitamin is required for a 50% response by the 3-day 
procedure’’ than by the 18-hour assay. Thereford, Ansbacher’s 
unit should be equal to 2 Thayer-Doisy units. ; Indeed, Ans- 


bacher et al. (’39, 40) found that Thayer-Doisyjs 18-hour test 
required only one-half of the vitamin material needed in 
Ansbacher’s 6-hour assay, and Tidrick et al. (89) confirmed 
this observation in a quantitative study on prothrombin resto- 
ration in chicks. 

The Dann unit, called ‘‘ Almquist unit’’ by Elliot et al. (’40), 
Greer (’40), and Fitzgerald and Webster (’40), was claimed 
to equal 374 Dam units (Greer, ’40; Fitzgerald and Webster, 
40). Caleulating with 20 Dam units per Ansbacher unit, the 
latter should be equal to about 4 (i.e., 0.533) Dann unit. In 
the definition of Dann’s unit by Snell (’39) reference is made 
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to ‘‘gram of a chick’s body weight.’’ If ‘‘gram’’ were correct, 
100 Dann, i.e., 200 Ansbacher units would be required by a 
100-gm. chick; however, 1 Ansbacher unit is therapeutically 
effective in a 100-gm. chick and prophylactically only 0.2 Ans- 
bacher unit is needed (Ansbacher, ’40 a). Thus the Dann unit 
refers to ‘‘kilogram of a chick’s body weight.’’ 
TABLE 2 
Potency of methylnaphthoquinone and phylloquinone 


AUTHORS METHYLNAPHTHOQUINONE PHYLLOQUINONE 
AND THEIR INSTITUTION ANSBAOHER UNITS PER STANDARD UNITS?! 
CO-WORKERS MILLIGRAM PER MILLIGRAM 
Almquist U. of California 3 30 1700 262-290 
Ansbacher Squibb Institute 2000 2000 2000 250? 
Dam U. of Copenhagen 2000 500 
Dann Abbott Labs. 2000 300-400 
Doisy U. of St. Louis 5 500 2000 333-500 
Kamm Parke, Davis & Co. 2000 420-480 
Moll Merck Labs. 
(Germany ) 3000 
Sampson | Merck Institute <3 850 1700 333 
Sjogren Astra Labs. (Sweden) 1700 500 
July Sept. More 
1939 1939 recently 


7 Methylnaphthoquinone = 1000 units/mg. 7? Only 70 units/mg. in 6-hour test. 


The Almguist et al. (’38) reference standard was found 
(Ansbacher, ’40 a) to contain 1.56% of total solids, 2} mg. of 
which had a potency of an Ansbacher unit. Therefore, the 
activity of this standard preparation is 1 Ansbacher unit in 
0.16 ml. (0.10 ml. according to Almquist and Klose, ’40). 


VITAMIN K STANDARD UNIT 

Proposals for an international standard vitamin K prepara- 
tion appear in the current literature and the use of 2-methy]- 
1,4-naphthoquinone for this purpose was first suggested by 
Thayer et al. (’39 d). The results obtained with this substance 
in the various laboratories are a particularly striking illustra- 
tion of the erroneous results so frequently occurring in vita- 
min K assays. In order to facilitate an interpretation of the 
published data, expressed in different units and reference 
standard equivalents, they were converted into Ansbacher 
units (table 2). 
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The antihemorrhagic activity of this methylnaphthoquinone 
was first mentioned in the July, 1939 issue of the Journal of 
the American Chemical Society where the following potency 
data appear: 3000 units per gram according to Almquist and 
Klose (’39 b); 5000 units per gram reported by Thayer et al. 
(’39 c) who stated that the activity of this compound is rela- 
tively insignificant when compared with the natural vitamin 
K, or K,; 2,000,000 units per gram found by Ansbacher and 
Fernholz (’39) who emphasized that methylnaphthoquinone is 
practically as active as vitamin K. Two months later, Fern- 
holz and Ansbacher (’39) confirmed their discovery and 
Thayer et al. (’39d) published revised data showing: ‘‘The 
potency of 2-methyl-1,4-naphthoquinone (Thayer-Doisy units) 
agrees with the value previously assigned to the natural vita- 
min K,, namely 1000 units per milligram. These results also 
confirm the findings of Ansbacher and Fernholz.’’ Simultane- 
ously, Almquist and Klose (’39 c) disclosed that methylnaph- 
thoquinone had been reassayed and found to have a potency 
of 30,000 units per gram, and that ‘‘it is by no means as active 
as vitamin K.’’ Later, however, Almquist and Klose (’39 d) 
described the ‘‘amazingly high activity of the compound’’ and 
fully confirmed the data of Ansbacher and Fernholz. Tishler 
and Sampson (’39) indicated that a potency of less than 2000 
units per gram had been found in their initial tests with this 
substance and stated: ‘‘Following the appearance of the ex- 
tremely interesting report of Ansbacher and Fernholz, we 
reinvestigated the activity of 2-methyl-1,4-naphthoquinone, 
and we are now in complete agreement with them.’’ Further 
confirmatory publications appeared more recently from Dann 
(’39), Hepding and Moll (’39), Sjogren (’39), Dam et al. 
(40 a), Emmett et al. (40), and Thayer et al. (’40) with the 
result that this compound is now recognized as the most 
potent substance with vitamin K-activity (Riegel, ’40). 

The testing of methylnaphthoquinone, the vitamin K stan- 
dard, in the various laboratories has resulted in the publication 
of new data on the relationships of various units. Dam et al. 
(’40 a) claimed it to have a potency of 25,000,000 Dam units 
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per gram, and because Ansbacher found 2,000,000 units, 
Ansbacher’s unit equals 124 Dam units. Since previously a 
ratio of 1:20 had been found for these 2 units, Dam (’40) 
suggested that the difference may be explained by the fact 
that Ansbacher’s method was a rapid one in which the rate of 
absorption may lower the results. However, an analysis of 
Dam’s data permits the conclusion that the difference in the 
ratio of 1: 20 to that of 1: 124 is due to a change in Dam’s unit. 
The potency of phylloquinone (vitamin K,) was 20 Dam units 
per microgram in the earlier reports of Dam et al. (’39) and 
of Karrer and Geiger (’39), but it is now only 125 Dam- 
Glavind units per microgram (Dam et al., ’40b). 
Apparently Dann’s unit has also been modified. Dann (’39) 
found methylnaphthoquinone to have a potency of 2,500,000 
Dann units per gram; calculating with 25,000,000 Dam units 
per gram, the Dann unit corresponds to 10 Dam units. Pre- 


viously, Dann’s unit was claimed to equal 374 Dam units; 


indeed, Dann (’39) observed that 75 mg. of Dam’s standard 
with 500 Dam units per gram gave a response of a Dann unit, 
i.e., 13.3 Dann units per gram and a ratio of 1: 374 for the two 
units. In the same publication appeared the methylnaphtho- 
quinone data from which the ratio of 1:10 was calculated. 
Therefore, Dann dealt with two different Dann units; namely, 
4 of the one and 1} of the other one corresponded to Ans- 
bacher’s unit. 

Following the suggestion of Thayer et al. (’39d) to assign 
a value of 1 standard unit to 1 pg. of 2-methyl-1,4-naphthoqui- 
none, several authors expressed the antihemorrhagic potency 
of phylloquinone in terms of this unit (table 2). How- 
ever, Ewing et al. (’39) proposed 2-methyl-1,4-naphthohydro- 
quinone diacetate as a standard, because it is less sensitive to 
light than methylnaphthoquinone. In view of the fact that the 
latter compound was found to have clinically the same prophy- 
lactic and therapeutic action as concentrates of naturally 
occurring vitamin K, Macfie et al. (’39) advocated to dispense 
altogether with assays and a standard preparation, especially 
since ‘‘biological tests cannot be depended on always to give 
clear-cut results.”’ 
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In conclusion, it seems desirable to emphasize that the 
chemistry of vitamin K has been rapidly elaborated in spite 
of the difficulties inherent in bioassays. The clinical data show 
conclusively that this vitamin is essential for the formation 
and activation of prothrombin. Synthetic prothrombinogenic 
substances, such as, e.g., the standard methylnaphthoquinone, 
have now become part of the armamentarium of the surgeon 
and pediatrician. Consequently, many a jaundiced patient may 
be safely subjected to operation, since with the advent of vita- 
min K therapy, he is no longer such a serious surgical risk, and 
many a baby may be saved from hemorrhagic disease of the 


newborn. 
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In recent years there has developed a growing recognition 
of the importance of interrelations which undoubtedly exist 
among the various essential nutrients in a diet. The effect 
of individual constituents of a diet, for instance, on the utiliza- 
tion of vitamin A is a question which presented itself when 
the varying results obtained during the course of standardized 
biological assays for vitamin A were scrutinized. Numerous 
explanations of the causes of these variations in the response 
of rats under controlled conditions have been offered. Homo- 
geneity of the colony from which the test animals have been 
selected, percentages of fat in the basal diet, and the quantity 
of basal ration consumed during the depletion period are 
factors named by Nelson and Swanson (’31) as affecting 
vitamin A determinations. Honeywell et al. (’31) reported 
that variations in yeast as a source of the B complex and the 
possibility of traces of vitamin A from yeast caused differences 
in the response of animals during a vitamin A assay. It has 
been suggested further by Javillier and Emerique (’31) that 
an adequate supply of vitamin D and the criteria for judging 
the state of depletion are important factors in the biological 
estimation of vitamin A. 

* Approved by the director of the Michigan Agricultural Experimental Station 
for publication as Journal Article no. 457, n.s. 
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Such observations by investigators carrying out the ac- 
cepted technique for vitamin A determinations, as well as a 
general interest in the possible physiological interrelation- 
ships of dietary factors, suggested this study of the influence 
of different constituents in the basal ration upon the utiliza- 
tion of vitamin A. The problem was undertaken not from the 
point of view of its relation to the technique for assays but 
rather from the standpoint of its relation to vitamin A metabo- 
lism. The first phase of this experiment was planned to test 
the influence of the caloric intake from basal ration consumed 
during the test period upon the utilization of vitamin A, 
using rats with the same nutritional background and with 
similar inheritance. Rate of growth and incidence of ‘‘ab- 
scessed’’ areas were the criteria used to measure the response, 
to graduated levels of vitamin A, of animals consuming re- 
stricted, as compared with unrestricted, quantities of the basal 
ration. The data include the responses of 237 animals and 


were collected over a period of 2 years, 1935-1937. 


PROCEDURE 

The basal vitamin-A-deficient ration employed was essenti- 
ally that recommended for assay according to the U. S. 
Pharmacopeia, XI Revision (’35). In order, however, to insure 
a sufficiency of the B vitamins at the restricted levels of food 
intake, the dried bakers’ yeast was not incorporated into the 
ration, but a 0.5 gm. portion was fed daily as a separate supple- 
ment. Triads of animals (Haag, ’34; Smith, ’34) selected on 
a basis of age, weight, sex, and litter, were depleted on this 
ration.’ A uniformity in weight range in a triad during the 
depletion period was maintained by controlling the food intake 
within the group. At the end of the depletion period one 
animal from each triad was selected as a negative control, 
one as a calorie control, and one as a positive control. 

Since the food consumption of the calorie control rats was 
determined by that of the negative control animals, a possible 


*Composition of basal ration: 18% vitamin-A-extracted casein, 4% Osborne 
and Mendel salt mixture, 73% irradiated corn starch, and 5% fat. 
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means of prolonging the survival time of the latter was sought 
in order to insure greater accuracy in the paired-feeding. 
Sherman and Storms (’25) demonstrated that an increase in 
age and in weight of the animals at the time of starting on a 
vitamin A deficient ration will cause a relatively small increase 
in depletion time but also a longer time of survival after 
depletion. These findings were used as a guide in determining 
the age and weight for starting the animals on experiment. 
The rats, weaned at an age of 25 to 28 days and having a 
weight of 50 to 55 gm., were continued on the stock ration * 
for approximately 2 weeks. In actual practice, the animals 
were started on the vitamin-A-deficient basal ration at an 
age of 39 to 43 days. The range in weight was 105 to 115 gm. 
for the males and 90 to 100 gm. for the females. 

Body weight and food consumption were recorded weekly 
for the first 3 weeks, and twice a week for the remainder of 
the depletion period. Examinations for signs of ophthalmia 
were made at the same times. The criteria for deciding when 
a triad reached depletion were failure to gain in weight for 
1 week and evidence of ophthalmia. 

Oil dilutions® of reference cod liver oil (U. S. Pharma- 
copeia, XI) were prepared each week quantitatively, so that 
when fed from calibrated droppers, 2 drops of solution carried 
1,3 or6 U.S. P. XI Units of vitamin A. This supplement was 
fed daily, the negative control animals being fed 2 drops of 
refined cottonseed oil. The positive and negative control ani- 
mals were allowed the basal ration ad libitum during the 
experimental period. The calorie control rats were restricted 
to an allowance of basal ration equal to that consumed by 
the negative controls. The calorie control rat, however, in 
any one triad, was fed the same amount of the cod liver oil 
supplement (1, 3 or 6 International Units of vitamin A) as 

*Composition of stock ration in grams: whole milk powder 300, whole wheat 
500, oats 500, whole yellow corn 480, flaxseed oil meal 200, calcium carbonate 20, 
Keleo meal (containing seaweed) 80. On alternate days each animal receives 
2 to 3 gm. raw lean beef and 2 to 3 gm. raw leaf lettuce. 


5 Refined cottonseed oil was used for this purpose as well as to furnish the 5% 
fat in the basal ration. 
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was given the positive control rat of the same triad. Because 
of the number of animals used in this experiment and the fact 
that the tests were run over a 2-year period, the supply of 
reference cod liver oil had to be replenished several times. 
Variations in vitamin A content of the different reference 
samples should not, in this study, modify the interpretation 
of results, because comparisons are made between groups of 
animals in which the calorie control and positive control from 
the same triad were always fed the cod liver oil supplement 
from the same dilution. 

During the 4-week experimental period the animals were 
weighed weekly. The food consumption records for the posi- 
tive controls were also made weekly; but daily weighings of 
the food consumed by the negative controls were recorded 
because these quantities were used as the basis for feeding 
the calorie controls. The average survival time of all negative 
controls of the triads was 21.2 days, 21.0 days and 22.6 days 
respectively for the 1-, 3- and 6-unit triads with a range in 
survival time of 13 to 28 days. In those triads in which the 
negative control animal died before the twenty-eighth day, food 
allowance for the calorie control was determined by the aver- 
age food consumption of negative animals of other triads in 
corresponding periods of the experiment. 

Complete gross autopsy findings were recorded, alt] ough 
it was found that, for the purposes of comparison desired in 
this study, an enumeration of the number and location of 
proliferated areas of keratinized epithelial tissues furnished 
a useful, objective indication of the extent of vitamin A de- 
ficiency. Vaginal smears were made thrice weekly during the 
entire experiment. These data it was hoped would give an 
additional basis for interpretation of the findings, since the 
vaginal epithelium has been found to be sensitive to a vitamin 
A deficiency (Aberle, ’33; Mason and Ellison, ’35). It was 
found, however, that this test was too sensitive for the purpose 
of this work. Recovery from persistent keratinization, for 
instance, was too rapid to serve as a basis for differentiating 
the response to the same level of vitamin A supplement of 
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rats on restricted versus unrestricted intake of the basal 
ration. 
DISCUSSION OF RESULTS 

From table 1, in which are given summarized data (arithme- 
tic means) for the depletion period, it may be seen that the 
manner of selecting triads of animals and the method of 
maintaining weight uniformity within triads during the de- 
pletion period resulted in uniform groups of animals at the 
beginning of the test period. 


TABLE 1 


Average ages, weights, and food consumptions of animals from weaning to end 
of depletion period on the vitamin A deficient diet 


DEPLETION PERIOD 


TRIADS — 
a Weigh in 
GROUP ! YEAR AT Age at een at Weekly 
WEANING? Time begin- Besin- food con- 
Male Female ning s Ending | sumption 
ning 
No. No. gm. weeks days gm. gm. gm. 


1 1935-36 6 54.5 7.6 41.8 103.9 1748 67.8 


‘ 
2 1936-37 7 7 58.4 8.3 39.9 103.2 180.7 76.4 
3 1935-36 6 7 55.7 82 41.5 102.3 177.3 7.7 
4 1936-37 6 4 60.4 8.2 40.2 107.1 189.0 78.5 
5 1935-36 6 6 54.1 8.0 416 102.1 177.6 67.7 
6 1936-37 | 6 5 57.9 | 78 40.5 102.9 1768 75.6 


‘Groups 1 and 2 were put on supplements of 1 I.U. of vitamin A; groups 3 and 4 
on 3 1.U., and groups 5 and 6 on 6 I.U. 
? Average age at weaning was 27.9 days. 


Since negative and calorie control rats of a given triad con- 
sumed the same quantity of basal diet but the negative control 
rat was denied vitamin A supplement, the differences in re- 
sponse of these animals was a direct measure of the effect of 
the vitamin A fed. Also, since calorie and positive control 
rats in a triad received the same level of vitamin A supple- 
ment but consumed different quantities of basal diet, differ- 
ences in response of these animals measured the response due 
to variations in food intake. 

Effect upon growth. In table 2 are given the summarized 
data for the 4-week experimental period for both sexes com- 
bined for the 2 years. A statistical analysis of weekly food 
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consumptions, weight changes, and number of ‘‘abscesses’’ 
evident at autopsy was calculated for each year and each sex, 
separately as well as combined, in order to determine if there 
was consistency in response during the 2 years. Since the 


TABLE 2 


Average weekly food intakes and weight changes during 4-week experimental 


period and ‘‘abscesses’’ 


pesces priow ANIMALS by w samae pose 
OF ANIMALS INTAKE * 
Vo U nits * gm. 
1935-37 males 
and females 
Negative 27 0 41.0 + 2.01 
Calorie 27 1 42.4 + 1.44 
Positive 25 1 53.6 + 1.37 
1935-37 males 
and females 
Negative 23 0 41.9 + 2.38 
Calorie 23 3 43.9 + 1.52 
Positive 22 3 65.6 + 1.33 
1935-37 males 
and females 
Negative 23 0 36.9 + 2.43 
Calorie 23 6 40.8 + 1.52 
Positive 23 6 70.8 + 1.67 


* Arithmetic mean + 


standard error. 


AVERAGE 
WEEKLY WEIGHT 
CHANGE ' 


evident at autopsy 


gm. 
—12.2+1.49 3.2 
-832+1.02 1.3 
= SSH ase | 27 
—14.3 + 1.67 3.5 
- 7321.00 | 13 
+ 5.6 + 0.63 1.0 
—16.3+1.61 3.7 
- 8.1 + 0.98 1.4 
+ 8.0 + 0.68 0.9 


*Areas that most frequently showed ‘‘abscesses’’ were 


tongue, lymph glands in neck, salivary glands, and genito-urinary tract. 


* International Units. 


9) 


2 years’ response 


are presented. 


middle ear, 


“ABSCESSES” 
EVIDENT AT 
AUTOPSY 2 


0.25 
0.26 


0.27 


It I+ I+ 


0.30 
0.19 


0.99 


It I+ 


\+ 


0.25 
0.21 
0.19 


+ 
— 
+ 


base of 


was similar and, for the purpose of discus- 
sion, the mean response of the combined groups will be con- 
sidered, only the summarized data for the combined groups 


There was increasing difficulty at each higher level of vita- 
min A intake in keeping the calorie control group adjusted to 
the low level of food consumed by the negative control group. 
A slight increase in caloric intake at each increase in level 
of vitamin A might be expected because of increased appetite 
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and improved general well-being in the calorie control rats 
receiving some vitamin A. Furthermore, failure of the nega- 
tive control rats to consume the basal diet during the last days 
of survival caused some of the differences observed. 

In table 3 are given the average weekly differences in re- 
sponse of all seventy-three calorie control animals as com- 
pared with all negative control animals. During the 4-week 
experimental period, the twenty-seven calorie control rats 
given 1 unit of vitamin A lost 3.9 gm. less per week than did the 
corresponding twenty-seven negative control rats. This de- 
creased loss, which, therefore, might be considered a ‘‘gain’’ 
of 3.9 gm. over that of the negative control animals accom- 
panied an increase in caloric intake of but 5.7 calories from 


TABLE 3 


Comparison of weight change and food intake in negative and calorie control animals 


ms . _ 7 DIFFERENCE IN EXPECTED GAIN IN 
vee = mt  ~ ae WEIGT DUE TO 
: EVEL TRIADS Weight change) Food intake Calorie intake DIFFERENCE IN 
JEVEL ADS per week per week per week CALORI£ isNTAKE 
1.0. gm. gm. Cal. gm. 
1 27 3.9 1.4 5.7 +0.14 
3 23 7.0 2.0 8.18 +0.21 
6 23 8.2 3.9 15.95 +0.40 


* International Unit. 


1.4 gm. of food. This increase of food would not have been 
expected to give more than 0.14 gm. gain in weight per week, 
if calculated on the basis of grams gained per total calories 
ingested. This difference in weight of 3.9 gm. per week for 
the 4-week period, then, may be considered a measure of the 
response to the 1 unit of vitamin A administered. There 
was an increase of 3.1 gm. gain at the 3-unit level over that 
of the 1-unit level, and 1.2 gm. gain at the 6-unit level over 
that of the 3-unit level which was greater than can be accounted 
for by the slight increase in food intake. This observed ‘‘level- 
ing off’’ of weight increases would indicate that the 3 and 6 
unit levels of vitamin A were beyond the most sensitive areas 
of a curve of response of the animals used in these experiments. 
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In table 4 are given the differences in average weekly gain 
in weight of all positive control rats over that of the calorie 
control rats of corresponding triads. Since the calorie control 
rats and positive control rats were receiving identical doses 
of vitamin A supplement (1, 3 or 6 units), in any one group, 
but consuming different quantities of food, differences in 
average gain in weight between the two groups of animals 
were to be explained on the basis of differences in food intakes. 
There was an increased gain in weight which was directly 
related to the increased caloric intake at each succeedingly 


TABLE 4 


Comparison of weight change and food intake in calorie and positive control animals 


DIFFERENCE IN 
VITAMIN NUMBER RATIO OF DIFFERENCE GAIN IN 
A OF Weight Food Calorie IN WEIGHT CHANGE | WEIGHT PER 
LEVEL TRIADS change intake intake TO CALORIE INTAKE | CALORIE * 
per week per week per week 


1.0. gm. gm. eal, | gm 
N—0.073 


5.5 r 5.3 | C—0.048 
P—0.013 
N—0.083 
C—0.036 
P+0.021 
N—0.108 
C—0.048 
P+0.028 


* International Unit. 
? N = negative control animal; C = calorie control animal; P = positive control 


animal. 


higher level of vitamin A. The ratio of the weight increase 
to the calorie increase (column 6, table 4) however, was strik- 
ingly similar for each level of vitamin intake. It would seem 
that there was improvement in general well-being and perhaps 
even in appetite (Sampson, Dennison and Korenchevsky, ’32) 
which induced increased caloric intakes and gains in weight 
with increased levels of vitamin A. 

Nelson and Swanson (’31) have reported that the quantity 
of basal ration consumed during the depletion period is the 
measured variable having the greatest percentage effect on 
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weight gains in a vitamin A assay. In this experiment the 
food intake of each triad was adjusted during the depletion 
period so as to keep each member of the triad gaining at a 
uniform rate and thus have an even group at the end of the 
depletion period. It will be seen (table 4) that during the 
experimental period, also, the caloric intake was an important 
factor in producing weight changes, the relative proportion 
of weight increase differing at different levels of vitamin in- 
take. Expressed as percentage, 59% of the gain in weight of 
the positive control group over that of the negative control 
group was due to increased calories at the 1-unit level, 64% 
at the 3-unit level, and 66% at the 6-unit level of vitamin intake. 
A part of the discrepancies in the literature in respect to 
weight responses with vitamin A assays may be due to 
differences in food intake. It has been calculated from these 
data that a gain of 0.025 gm. per week for each calorie ingested 
might be expected in the response of animals evenly balanced 
as to sex on this experimental diet. 

Although not indicated in the tables, males demonstrated 
a slightly higher gain in body weight per calorie of food in- 
gested than did females. This is in agreement with the findings 
of Palmer and Kennedy (’31) on sex differences in gain in 
weight and illustrates the necessity of having the groups 
evenly matched in respect to sex when using weight as a 
criterion of differences in response. 

All of these data have been tested by the ‘‘t’’ tests for 
significance of differences in mean response according to the 

M—WM 
formula t=@. @, and were found to be highly sig- 
nificant. That is, the ‘‘t’’ values for the mean differences in 
response between the negative and calorie and between the 
-alorie and positive groups were high. 

Effect on incidence of pus-like accumulations in organs and 
tissues (abscesses). Another criterion for judging vitamin A 
utilization was the presence or absence of areas of pus-like 
material in organs, glands, and tissues as examined grossly 
at autopsy. It is recognized that, if these areas were typical 
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of vitamin A deficiency, they probably were in most instances 
accumulations of keratinized epithelial cells (Wolbach, ’37). 
For convenience, these pus-like accumulations have been tabu- 
lated as ‘‘abscesses’’ evident at autopsy. It is seen that the 
negative control animals at each level of vitamin administra- 
tion presented essentially the same picture in respect to number 
of ‘‘abscesses,’’ namely, 3.2 for the l-unit group, 3.5 for the 
3-unit group, and 3.7 for the 6-unit group, showing the uni- 
formity of negative groups in developing ‘‘abscesses’’ when 
deprived of vitamin A on this experimental diet. 
Administration of even 1 International Unit of A reduced 
the number of areas of epithelial proliferation at least 50%. 
The use of 6 units of vitamin A did not result in any signifi- 
‘ant improvement over 1 unit of vitamin A in preventing 
occurrence of ‘‘abscesses’’ seen at autopsy. However, the 
general appearance of the 6-unit group was better than that of 
the l-unit group. At the end of the 4-week experimental period, 
there was no external evidence of ophthalmia among the 
group receiving 6 units of vitamin A. It is believed by Coward 
(’38) that four or five times as high levels of vitamin A intake 
are necessary to obtain a removal of all evidence of ophthalmia 
as are required to stimulate gain in weight. It is possible, in 
the light of the results of this study, that the administration 
of even more than five times the quantity of vitamin A required 
to produce weight gains is necessary to prevent all evidence 
of ophthalmia. While results from these experiments indicate 
a definite reduction of ‘‘abscesses’’ by the administration of 
vitamin A, analyses of separate groupings of animals indicate 
considerable variation in response at different levels of sup- 
plement, between sexes, and between the 2 years of the study. 
This conclusion concerning the effect of vitamin A intake upon 
incidence of ‘‘abscesses’’ has been substantiated by the results 
of the ‘‘t’’ tests for significance of difference in mean response. 
In all cases the ‘‘t’’ values for the mean difference in response 
between the negative and calorie control animals or between 
the negative and positive control animals were high, indicating 


b J 
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a highly significant reduction in ‘‘abscesses’’ by administra- 
tion of the vitamin. 

The ‘‘t’’ values for the mean difference in response due to 
calories ingested between the calorie and positive control 
animals were small, showing that the caloric intake had no 
statistically significant effect upon the incidence of ‘‘ab- 
scesses.’’ However, it will be noted that with the calorie con- 
trol groups there was no reduction in incidence of ‘‘abscesses”’ 
by the administration of 6 units of vitamin A as compared 
with 1 unit of vitamin A (1.4 and 1.3 ‘‘abscesses’’ respectively), 
while with the positive control groups and similar increases 
in vitamin A there was a reduction in number of such areas 
from 1.7 to 0.9. Although this difference in incidence of ‘‘ab- 
scesses’’ reached only the borderline of significance (there 
was a ‘‘t’’ value of 2.29 whereas a ‘‘t’’ value of 2.67 would 
have been required for statistical significance) there was some 
indication of improved metabolism with an unrestricted when 
contrasted with a restricted food intake when the higher levels 
of vitamin A were administered. 


SUMMARY 

The influence of the quantity of basal food intake on vitamin 
A utilization has been studied by means of carefully controlled 
triads of rats as measured by rate of growth and incidence of 
‘‘abscessed’’ areas. For the levels of vitamin A used in this 
experiment, the caloric intake was responsible for a greater 
proportion of the gain in weight during a 4-week period than 
was the unitage of vitamin A administered, the percentage 
of the gain in weight from caloric intake increasing at each 
elevation of vitamin intake. When the intake of vitamin A 
was identical in different groups of animals, the gain in 
weight was directly related to the quantity of basal diet 
consumed during the period of observation. 

There was a highly significant reduction in number of 
‘‘abscessed’’ areas by the administration of either 1, 3 or 6 
International Units of vitamin A below the number of such 
areas exhibited by the negative groups, but no statistically 
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significant difference between the levels of vitamin used in this 
experiment. The quantity of basal food intake showed no 
statistically significant influence upon incidence of ‘‘ab 
scessed’’ areas. However, there was some indication of an 
advantage of unrestricted as compared with restricted food 
intake at the highest level (6 units) of vitamin A intake. 


Acknowledgment is gratefully made to Dr. Thelma Porter 
for her interest and advice in the preparation of the manu. 
script and to Dr. Marie Dye, Dr. Jean Hawks, and Miss Flora 
Hanning for suggestions in the planning of the problem. 
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Standard textbooks and reviews generally credit histidine 
with no specific dynamic action. The basis for these statements 
appears to be a single experiment performed by Rapport and 
Beard (’28) in which they administered 5 gm. of histidine 
dihydrochloride by stomach tube to a dog and observed no 
increase in heat production during the next 3 hours. If one 
considers that approximately one-third of the 5 gm. adminis- 
tered was hydrochloric acid, it is easy to see that a small rise 
in heat production, following the feeding of so small an amount 
of histidine, might not be apparent. Furthermore, the dihydro- 
chloride of histidine is a very acid substance and might easily 
produce conditions within the gastro-intestinal tract which 
might delay absorption. Nor has the effect of the administra- 
tion of this quantity of hydrochloric acid upon the heat pro- 
duction been adequately evaluated. Thus, the effect of a small 
amount of histidine, absorbed over a prolonged period, might 
not be observable. 

Reinwein (’28) was unable to obtain increases in the oxygen 
consumption of rats, guinea pigs and liver slices following 
histidine administration but upon the administration of a 
single dose of 25 gm. of histidine to a 13.5 kg. dog did observe 

1 Aided by a grant from the Committee on Scientific Research, American Medical 
Association. A preliminary report of these studies was presented before the 


fifty-second meeting of the American Physiological Society at New Orleans, 
March 13, 1940. 
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an average increase of 19.9% in the heat production. He ealeu- 
lated the increase to be 7.2 Cal. per gram of administered 
nitrogen. However, since he gave no data regarding either the 
excretion of the compound or the quantity of urea formed from 
it, we are unable to make a direct comparison of his results 
with ours. 

Not only were we interested in arriving at an accurate meas- 
ure of the specific dynamic action of histidine but we wished 
to determine the rate of excretion, deamination and urea 
formation following its intravenous injection. It was hoped 
that these data together with previously published figures for 
glycine, lysine and arginine (Doty and Eaton, ’39; Eaton and 
Doty, ’39) might throw some light on the theory of urea forma- 
tion of Krebs and Henseleit (’32) as applied to the intact 
normal dog. 


METHODS 


With but few exceptions the plan of experiments and the 
methods of analysis have already been described (Doty and 
Eaton, ’39). Urinary amino nitrogen was determined by the 
manometric method of Van Slyke (’29) upon the silver histi- 
dine precipitate prepared according to Block (’34). 

It was planned to give histidine monohydrochloride in 
amounts practically equal to the quantities of arginine mono- 
hydrochloride and lysine monohydrochloride administered in 
former experiments so that a fair basis of comparison might 
be obtained. However, a preliminary trial showed the mono- 
hydrochloride of histidine to be unsuitable for satisfactory 
intravenous injection. In one experiment reported in this 
paper, the monohydrochloride (9.6 gm.) was carefully neutral- 
ized to pH 7.0 (glass electrode) by means of sodium hydroxide 
and the resulting solution injected intravenously. Since we 
wished, however, to avoid possible complications resulting 
from the injection of a comparatively large quantity of sodium 
chloride we resorted to the use of the 1(—)histidine (free 
base). The four remaining experiments included in the tables 
were performed by dissolving the histidine (free base) in 
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approximately 110 ee. of physiological saline, sterilizing by 
heat, and injecting the resulting solution into a saphenous vein 
at a constant rate during a period of 10 minutes. Because 
restlessness during several attempted experiments had pre- 
vented us from following the heat production accurately, we 
performed the two experiments on dog 6H and the one on 
dog 7 H under deep and constant sodium amytal anesthesia in 
a room with the temperature sufficiently high to maintain the 
dog’s temperature at the normal level. 

Preparation of free histidine base. This compound was 
readily prepared from a saturated aqueous solution of the 
monohydrochloride by slowly adding an amount of a concen- 
trated aqueous solution of lithium hydroxide exactly equiva- 
lent to the hydrogen chloride. Precipitation of the histidine 
began almost immediately and was rendered more complete 
by adding an equal volume of 95% ethyl] alcohol and by cooling 
the mixture overnight in a refrigerator at 0°C. The erystals 
were collected on a glass filter, freed of the mother liquor by 
suction and thoroughly washed with 95% alcohol. Nearly 
theoretical yields of histidine were obtained. When necessary, 
the last traces of lithium chloride can be removed by solution 
of the histidine in the minimum amount of hot water and by 
reprecipitation as above with 95% alcohol. 

RESULTS 

The results of blood analyses, as well as average compara- 
tive values for intravenous experiments with glycine, lysine, 
and arginine, compiled from previously published papers 
(Doty and Eaton, ’39; Eaton and Doty, ’39), are shown, for 
rapid comparison, in table 1. Figures for heat production and 
urinary nitrogen fractions are included in table 2. 

The blood amino nitrogen changes after histidine admin- 
istration tend to parallel those obtained when arginine was 
injected, except that the initial decrease is somewhat faster 
for arginine. At least a partial explanation for this difference 
is obvious when one examines table 2. The average excretion 
of histidine is only 1.44 gm. in contrast to 2.92 gm. for arginine. 
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Since the fastest rate of excretion occurs when the concentra- 
tion in the blood is at a high level, it is very probable that the 
initial rate of excretion of arginine is about twice that of 
histidine. The fall in blood amino N after lysine is due almost 
entirely to excretion of that compound into the urine, while 


TABLE 1 


Blood amino nitrogen and blood urea nitrogen values after intravenous 


administration of histidine 


MILLIGRAMS PER 100 CC. OF BLOOD 


Control 
period 
DOG MINISTERED GRAMS (hours 
~s ADMINISTERED GRAMS befece 
adminis- 
tration) 
1 0.5 
Amino nitrogen 
5 9.6 gm. as monohydrochloride 
(neutralized ) 8.1 8.3 
5 8.1 gm. as free base in 0.85% NaCl 11.3 11.3 
5 7.9 gm. as free base in 0.85% NaCl 7.4 7.5 
6H 8.1 gm. as free base in 0.85% NaCl 7.3, 7.3 


6H 8.1 gm. 


as free base in 0.85% NaCl 7.9 74 


Average for histidine 8.4| 8.4 
Average for glycine (Doty and Eaton, ’39) 9.8) 9.5 
Average for lysine (Doty and Eaton, ’39) 9.7 9.5 
Average for arginine (Eaton and Doty, ’39) 10.2 10.2 


Urea nitrogen 


5 9.6 gm. as monohydrochloride 
(neutralized ) 8.9 8.1 
5 8.1 gm. as free base in 0.85% NaCl 9.0 9.0 
5 7.9 gm. as free base in 0.85% NaCl 9.5| 9.9 
6H 8.1 gm. as free base in 0.85% NaCl 7.2) 7.7 
6H 8.1 gm. as free base in 0.85% NaCl 10.5 10.6 
Average for histidine 9.0/ 9.1 


Average for glycine (Doty and Eaton, ’39) 11.6 12.0 
Average for lysine (Doty and Eaton, ’39) 12.9 13.6 
Average for arginine (Eaton and Doty, ’39) 11.0 /11.1 


Experimental period 
(hours after administration) 


19.1 15.4 14.0 11.6 11.2 
17.4 16.0 14.8 13.6 12.9 
15.4 14.3 11.5 10.3| 9.3 
17.8 13.7 11.9!10.4 10.3 
19.8 15.4 12.8 10.7 10.0 
17.9 15.0 13.0 11.3 10.7 
29.4 13.9 11.2 11.6 10.8 
19.7 13.5 12.0 12.0 12.5 
17.0 12.6 10.4 9.9 10.0 


10.5 13.2 15.0 15.5 15.3 
10.2 12.6 | 15.3 | 16.7 15.2 
11.0 13.8 15.9 15.4 14.8 
9.3/10.1 11.6 10.2 8.9 
12.8 14.7 14.6 13.8 12.3 


10.8 12.9 14.5 14.3 13.3 
15.7 19.3 19.9 17.6 15.9 
13.1 13.8 13.1 12.2 11.5 
15.4 18.5 20.9 20.1 18.5 


— 


the rapidity of removal of glycine from the blood stream repre- 
sents not only an excretion comparable to that found with 
arginine, but also an extremely rapid rate of deamination. 
The explanations given above are further confirmed by the 
values for blood urea nitrogen also shown in table 1. The 
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average changes in the blood urea nitrogen levels due to the 
administration of histidine roughly parallel those due to 
arginine. The value with arginine, however, does rise a little 
more rapidly than with histidine and remains somewhat higher 
at the end of the period. It should be stated that dog 5 was 
used for both histidine and arginine experiments, which would 
seem to make comparisons more nearly valid. The blood urea 
nitrogen values for glycine almost exactly parallel those for 
arginine for the first 3 hours but fall off more rapidly during 
the final 2 hours of the experiment. The figures obtained after 
lysine administration show no rise outside the limits of accu- 
racy of the method and show a considerable decrease below 
control levels during the last 3 hours. 

In only one (dog 7 H) of the six experiments shown in table 
2 did the excretion of histidine equal that found with the other 
amino acids. Since, also, in this experiment alone, the extra 
urinary urea nitrogen appeared to exceed the extra total non- 
histidine urinary nitrogen, one must not take this amino acid 
figure too seriously. It is entirely possible that some forms of 
nitrogen, other than histidine nitrogen, might have been car- 
ried down along with the silver precipitate. Apparently histi- 
dine is more readily reabsorbed by the kidney tubules than is 
lysine or arginine. This conclusion is in accord with the finding 
that when these three compounds are fed under comparable 
conditions, histidine is the most rapidly absorbed from the 
gastro-intestinal tract (Doty and Eaton, ’37). 

The administration of histidine (with the one exception 
noted above) resulted in the excretion of a considerable 
amount of nitrogen in the urine which is neither urea nitrogen 
nor histidine nitrogen. A few determinations showed that no 
appreciable quantity of imidazole compounds other than histi- 
dine was excreted. The ammonia excretion was small and 
could account at most for only a small fraction of this unde- 
termined nitrogen. In marked contrast to histidine, arginine 
gave very little undetermined nitrogen. 

Because the blood urea nitrogen values had not returned to 
control level at the end of the experimental period, it is very 
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difficult to estimate the amount of urea actually formed from 
the histidine administered. A rough approximation of the urea 
formed from the administered histidine but remaining in the 
tissues at the end of the experimental period may be made by 
applying the calculations used by Eaton, Cordill and Gouaux 
(’37). They established the basal rate of urea excretion pre- 
vious to total nephrectomy and followed the increase of urea 
in the blood during a 5-hour experimental period. Calcula- 
tions, making use of the weight of the dog, the rate of accumu- 
lation of urea nitrogen in the blood and the basal urea nitrogen 
production, indicated that the blood urea nitrogen was in 
equilibrium with approximately 70% of the body tissues of 
the dog. If one applies the same calculations to the histidine 
experiments, here reported, one finds the average urea nitro- 
gen retention to be 240 mg. per dog experiment. This added to 
the average of 530 mg. per dog experiment excreted in the urine 
would give a total of 770 mg. of urea nitrogen formed from 
histidine. The amount of alpha amino nitrogen in the average 
quantity of histidine administered and retained was 593 mg. 
per dog. From this calculation it would appear that approxi- 
mately 80% of the urea nitrogen formed could have come from 
simple deamination of the histidine molecule. Since the amount 
of undetermined (non-imidazole) nitrogen is large, it is fur- 
ther apparent that the imidazole ring was broken to some 
extent during the 5-hour period. This is more evident when 
one adds the calculated retained urea nitrogen in each experi- 
ment to the total non-histidine nitrogen excretion. The average 
per dog experiment of 1038 mg. (maximum 1278 mg.) nitrogen 
which could be accounted for in this fashion is well in excess 
of the average 593 mg. of alpha amino nitrogen administered 
but not excreted as such in the urine but comes far from 
accounting for the average of 1779 mg. of total histidine nitro- 
gen administered and retained for metabolism. Evidently only 
a little more than half of the retained histidine nitrogen was 
transformed into urea or excreted as undetermined N within 
the 5-hour experimental period. 
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It is of interest to apply the same calculation to our results 
on arginine already published (’39) in order to have a more 
extensive basis of comparison of the metabolism of these two 
basic amino acids. The average total amount of arginine 
nitrogen administered, after deduction of that excreted in the 
urine, was 1852 mg. Half of this or 926 mg. should be trans- 
formed very rapidly into urea nitrogen by the action of argi- 
nase. The average excretion of urea for the 5-hour period 
amounted to only 182 mg. and the average amount calculated 
as formed but retained in the tissues would be 482 mg. per dog 
experiment. The total of 664 mg. as a rough approximation 
would thus fall far short of the quantity of urea to be expected 
by the primary action of arginase. These results would seem 
to have a significant bearing upon a consideration of the Krebs 
and Henseleit theory as regards the participation of the 
arginine-ornithine-citrulline cycle in normal urea formation. 
Although a final interpretation of the results with arginine 
must await a similar study with ornithine, we are probably 
justified in assuming that there is no significant accumulation 
of ornithine in the blood. Each molecule of ornithine contains 
two amino groups whereas each molecule of arginine contains 
only one such group available for the formation of nitrogen 
gas in the Van Slyke procedure. Similarly, the transformation 
of arginine to citrulline would involve no reduction in the 
amino nitrogen content of the system. It is conceivable, then, 
that the participation in the Kreb’s cycle of a substantial 
fraction of the administered arginine would result in a slower 
rate of fall of the blood amino nitrogen as compared with the 
fall observed after administration of other amino acids. Our 
experiments furnish no evidence of such an effect. It is obvi- 
ous, of course, that our results with arginine may require 
reinterpretation in the light of the suggestions that arginine 
may be metabolized after becoming an integral part of a pro- 
tein molecule (Dirr, ’39; Schmidt, Allen and Tarver, ’40). 

The over all change in the production of urea from the amino 
nitrogen of glycine or from histidine amino and non-amino 
nitrogen appears to take place more rapidly than does the 
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hydrolytic transformation of the guanido group of arginine 
into urea. It would seem improbable, therefore, that under the 
conditions of our experiment the latter mechanism is quantita- 
tively important in the production of urea from glycine or 
histidine. 

We must most emphatically state that our experiments do 
not disprove the theory of Krebs and Henseleit. They do, 
however, indicate that the urea formed from arginine, under 
the conditions used by us, could be formed entirely by mecha- 
nisms which do not involve either citrulline formation or a new 
synthesis of arginine. Regardiess of any theoretical considera- 
tions, we have shown that more histidine is metabolized than 
arginine during a 5-hour experimental period when the two 
amino acids are administered in nearly equimolecular quan- 
tities. 

Histidine exhibits a specific dynamic action about 50% 
greater than arginine but only about half that of an equal 
weight of glycine. On the basis of millimols deaminized the 
specific dynamic action of histidine is about twice that of 
glycine. 


SUMMARY 


Upon intravenous injection of 1(-—)histidine into the dog 
there is a prompt and long sustained rise in the urea nitrogen 
of the blood. In contrast to the results with glycine, lysine and 
arginine, there is but little excretion of unchanged histidine 
into the urine. Histidine is metabolized slightly faster than 
arginine as shown by the greater excretion of urea during the 
5-hour experimental period. 

Histidine exhibits a specific dynamic action which is about 
50% higher than that shown by arginine, both on the basis of 
amount administered and amount metabolized. The total in- 
crease in heat production is about half as great as that pro- 
duced by an equal weight of glycine. 

No toxic effects of histidine were noted. 
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The demonstration (Armstrong, ’37; Armstrong and Brek- 
hus, ’38 b) of significantly more fluorine in the enamel of sound 
teeth than in the sound enamel of carious teeth, furnishing the 
first substantial evidence that an optimum intake of fluorine 
is related to resistance to dental caries, has received support 
from two sources. First, field studies have shown a lower 


Hodge and Finn, ’39). 
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incidence of caries in areas of endemic mottled enamel (Arnim, 
Aberle and Pitney, 37; Klein and Palmer, 738; Dean, 
Day, 40) and in regions in which the fluorine content of the 
drinking water is high irrespective of whether or not the teeth 
are mottled (Dean, Jay, Arnold, McClure and Elvove, ’39). 
Second, the teeth of rats have been found to develop fewer 
caries when fluorine is added to the diet either during the time 
of development of the teeth (Cox, Matuschak, Dixon, Dodds 
and Walker, ’39) or after the teeth are mature (Miller, ’39; 


The mechanism by which fluorine inhibits caries appears to 
be one of the following, operating alone or in conjunction with 
the other: (a) an optimum amount of fluorine in enamel con- 
fers properties upon it which make it more resistant to caries, 
(b) the presence of fluoride in the fluids of the oral cavity 
alters bacterial metabolism and inhibits enzyme action. The 
first is supported by the analyses of enamel of caries resistant 


*This work was supported by a grant from the Carnegie Corporation and was 
aided by the personnel of the Works Progress Administration, Official Project No. 
665-71-3-69, Sub-Project No. 344. 
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teeth (Armstrong, ’37; Armstrong and Brekhus, ’38 b) ; by the 
observation (Volker, ’39) that fluorine incorporated in dental 
tissues reduces their acid solubility; by the continuing pro- 
tection against caries afforded to the teeth of rats when they 
were fed extra fluorine only during the time of tooth develop- 
ment (Cox, Matuschak, Dixon, Dodds and Walker, ’39); and 
by the interpretation placed upon the caries inhibiting action 
of fluoride occurring in rats deprived of salivary glands 
(Cheyne, ’40). The second possibility was offered by Miller 
(’39), and Dean et al. (’39) tacitly assumed that this is the 
principal mechanism, but (a) cannot be excluded by the obser- 
vations of the latter group of workers. The findings of Bibby 
and Van Kesteren (’39) with regard to the lessened acid pro- 
duction by oral bacteria in the presence of fluorine or fluorosed 
enamel and dentin may be interpreted in the light of either 
(a) or (b). 

It has been proposed directly (Cox, Matuschak, Dixon, 
Dodds and Walker, ’39) and by implication (Dean, Jay, 
Arnold, McClure and Elvove, ’39) that fluorine be added to 
communal water supplies having a low content of this element 
as a means of reducing dental caries in the human. In this 
connection it would be of value to determine if fluorine can 
be incorporated into enamel other than at the time of the 
formation of the tooth. The possible avenues by which fluorine 
might enter the enamel of erupted teeth are: (a) by diffusion 
from the blood via the dentin and (b) by direct adsorption and 
incorporation into the mineral phase from fluids in contact 
with the tooth surface. Should (b) be feasible the fluorine 
content of enamel could be increased, when required, by topical 
application of soluble fluorides to the teeth. This method pre- 
viously suggested by others (Volker, Hodge, Wilson and Van 
Voorhis, *40) would greatly reduce the dangers attendant 
upon the ingestion of excess fluorine and would eliminate the 
possibility of producing mottled enamel. While the present 
study was in progress it was shown (Volker, Hodge, Wilson 
and Van Voorhis, *40) in work also directed at the determina- 
tion of the feasibility of (b), and in which the radioactive 
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isotope was used as an indicator, that fluorine is adsorbed 
from solution by powdered enamel in accordance with the 
requirements of the Freundlich adsorption isotherm. Since 
the powdered enamel used in this work possessed a greatly 
increased surface in comparison to that of a tooth in situ and 
possibly had altered properties the application of the results 
to in vivo conditions is uncertain. 

The results to be reported will demonstrate that the fluorine 
content of enamel of molar teeth of mature living rats can be 
appreciably increased by fluorine which enters it by way of 
the surface of the teeth. 


EXPERIMENTAL 


Male albino rats which had been raised to maturity (average 
weight 250 gm.) on the same stock diet were fed for 60 days 
on commercial dog biscuits? and water, both supplied ad 
libitum. The food consumption was determined and the water 
intake measured at regular intervals. The water supplied over 
the 60-day period to the animals of the experimental group 
contained 20 p.p.m. of fluorine added as sodium fluoride and 
that consumed by the control animals was found, by analysis, 
to contain only a trace of this element. The animals of the 
experimental group were given, for 5 days before they were 
killed, distilled water in order to cleanse the crevices and sulci 
of their teeth of any fluorine which might have been occluded 
therein. After sacrifice of the animals the femurs and jaws 
were dissected out and boiled in distilled water until the soft 
tissues could easily be removed. The teeth, after removal from 
the jaws, were cleaned with the aid of dental instruments until 
inspection under magnification showed them to be free of soft 
tissue, bone, and debris. All specimens were stored in alcohol. 

Inspection of the incisors of the experimental group revealed 
striations of alternating orange and lighter orange or white 
bands only discernible under magnification and more pro- 
nounced on the lower teeth. This effect of excess fluorine 
ingestion on the growing incisors of rats has been previously 


? Purina Dog Chow. 
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described by several observers (McClure, ’39) and is noted 
here only as evidence that the experimental animals received 
and absorbed a considerably increased amount of fluorine. The 
incisor teeth of the control animals were entirely normal in 
appearance. 
TABLE 1 
Fluorine intake of rats and fluorine contents of enamel, dentin and bone 


FLUORINE CONTENT 
FLUORINE 


ANIMAL INTAKE Incisor teeth Molar teeth Dry 
No.! FROM . fat-free 
WATER Dentin Enamel Dentin a. femur 
mg. Te % % % % 

1c 0.0164 0.0190 0.0240 0.0248 
2C 0.0153 0.0194 0.0250 0.0199 
3C 0.0152 0.0181 0.0240 0.0288 
41; 0.0135 0.0140 0.0236 (0.0169) 0.0189 
5c 0.0161 0.0186 0.0235 (0.0176) 0.0224 
6C 0.0149 0.0157 0.0240 (0.0177) 0.0198 
70 0.0171 0.0186 0.0233 0.0224 
gC 0.0147 0.0194 0.0233 0.0186 
9C 0.0154 0.0184 0.0243 0.0185 
Average 0.0154 0.0179 0.0238 0.0174 0.0215 

1E 18.4 0.0340 0.0367 0.0244 0.0484 
2E 24.5 0.0270 0.0230 0.0232 0.0476 
3E 30.6 0.0300 0.0302 0.0236 0.0375 
4E 37.3 0.0343 0.0341 0.0240 (0.0244) 0.0575 
5E 36.4 0.0241 0.0261 0.0259 (0.0233) 0.0410 
6E 33.6 0.0361 0.0366 0.0245 (0.0236 ) 0.0574 
7E 36.4 0.0394 0.0329 0.0254 0.0508 
8E 38.0 0.0384 0.0338 0.0247 0.0428 
9E 28.5 0.0251 0.0256 0.0251 0.0353 
10E 26.3 0.0250 0.0285 0.0240 0.0484 
Average ~ 0.0313 0.0309 0.0246 0.0237 0.0466 


‘The letters C and E indicate animals of control and experimental groups. 


7 See text. 


The molar teeth of each animal were pooled in separate lots 
and the incisor teeth were similarly combined in individual 
groups. Each lot was separately prepared for analysis (Arm- 
strong and Brekhus, 37) and the enamel and dentin separated 
(Manley and Hodge, ’39) by methods previously described. 
The bones were broken into bits, wrapped in cloth packets, 
extracted for 24 hours with alcohol in a Soxhlet apparatus, 
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dried, and pulverized. The analyses for fluorine were made by 
the method of Armstrong (’36) with certain modifications, the 
most important of which were the accurate measurement of the 
volume of indicator (sodium alizarine sulphonate) and the use 
of a fluorescent daylight lamp during the titrations. 

The amount of enamel obtained from the pooled molar teeth 
of a single animal being so small (8 to 10 mg.), it was con- 
sidered that analyses of the required accuracy of the molar 
enamel of individual animals would not be possible. Accord- 
ingly, equal weights of molar enamel from each animal were 
pooled and mixed, that from the experimental animals going 
into one sample and that from the controls into a second. The 
average of the analyses, performed in triplicate, of the pooled 
molar enamel of each group was the same as would have been 
obtained had the material from the individual animals been 
analyzed. 

The fluorine intake of the rats during the experimental 
period and the results of analysis of their femurs, enamel, and 
dentin are shown in table 1. Sixteen samples of dentin and 
six of bone were analyzed twice. The average difference of the 
duplicate analyses was 2.8% and the maximum difference was 
11.9%. Ten analyses for fluorine were made on a sample of 
pooled human enamel at various times during the course of 
this study. The average difference of the repeated analyses 
from the mean (0.0114% fluorine) was 2.6%. 


DISCUSSION 


The molar teeth of the control animals like the permanent 
teeth of the human (Armstrong and Brekhus, ’38 a), with 
which they are comparable in development, were found to con- 
tain more fluorine in the dentin than in the enamel. The higher 
fluorine (Armstrong and Brekhus, ’38a) and magnesium 
(Armstrong and Brekhus, ’37) contents of dentin of human 
teeth had been explained by the assumption that dentin is able, 
in contrast to enamel, to acquire these elements from the blood 
after the tooth is erupted. Further support for this hypothesis 
was obtained (Hevesy and Armstrong, 40) when it was shown 
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that radioactive phosphorus, subcutaneously administered to 
adult cats, could be demonstrated in appreciable quantities in 
the dentin but only in traces in the enamel. Since in the present 
study the molar dentin of the animals ingesting excess fluorine 
was not found to contain significantly more of this element 
than the molar dentin of the control animals, it is obvious that 
some revision is required of the hypothesis relating to the 
mechanism of interchange between dentin of mature tecth and 
the blood. With respect to fluorine it is evident, if such a 
mechanism exists, that it does not continue to act throughout 
the entire life of the tooth. Possibly the amount of fluorine 
found in molar dentin (of the order of 0.024%) represents its 
saturation content with respect to this element. Thus a sec- 
ondary enrichment could occur until this amount is reached 
after which time no more fluorine can be deposited in the 
dentin of teeth in situ. That a secondary fluorine enrichment 
of teeth like rat molars which remain anatomically unaltered 
after eruption does occur at some stage subsequent to calcifica- 
tion is rendered probable by a consideration of the results of 
analysis of the enamel and dentin of the incisor teeth of the 
control animals. The incisor teeth grow continuously and 
therefore such teeth are newly formed and have had only a 
relatively short time to acquire extra fluorine. The fluorine 
contents of their enamel and dentin would be expected to be 
very nearly those present at the time of formation of the 
teeth and to represent, in general, the fluorine contents of 
recently deposited enamel and dentin. It will be noted that 
the fluorine contents of the enamel and dentin of the incisors 
of the control animals are about in the same proportion as the 
amount of mineral material in enamel and dentin and that the 
relationship of fluorine contents of the two fractions of these 
teeth is opposite to that of the molar teeth of the same animals. 
In consequence of the above considerations these results are 
evidence that enamel and dentin are not formed with a higher 
content of fluorine in the latter. Although there is no evidence 
to support the assumption, it is possible that conditions with 
respect to developing molar teeth of rats are different from 
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those pertaining to incisor teeth. If such were the case molar 
dentin might, at the time of formation, acquire more fluorine 
than enamel or incisor dentin. 

Indirect evidence (Armstrong and Brekhus, ’37), supported 
by direct experiment using radioactive phosphorus as an indi- 
cator (Hevesy and Armstrong, ’40), has been interpreted to 
indicate that the composition of enamel of erupted mature 
teeth is incapable of alteration. However, the mean fluorine 
content of the molar enamel of the animals which received 
water containing 20 p.p.m. of fluorine was found to be signifi- 
cantly higher (36%) than that of the control animals. This 
difference is not due to contamination of the enamel fraction 
with dentin resulting from imperfect separation since the 
molar dentin of both groups of animals contained amounts of 
fluorine which were not significantly different. The latter fact 
is also evidence that the extra fluorine present in the molar 
enamel of the experimental animals did not enter it via the 
dentin. That it could have reached the enamel through the 
dentin without the fluorine content of the latter being increased 
would seem most unlikely. It is thus highly probable that the 
fluorine gained by the molar enamel of the test animals was 
absorbed through the surface of the enamel exposed to the 
oral cavity. 

While the possibility cannot be excluded it seems certain 
that the fluorine which entered the molar enamel was derived 
from the drinking water as it was in contact with the teeth, a 
process which could continue until dilution with saliva greatly 
reduced the fluorine content of the oral fluids, rather than 
from fluorine secreted in the saliva. The relatively enormous 
amount of bone is known, from the work of numerous investi- 
gators, to absorb fluorine effectively from the blood and to 
retain it—a further example of which is seen from the results 
of analysis of the bones reported in table 1. Phillips, Hart and 
Bohstedt (’34) found it difficult to influence the fluorine content 
of another secretion, milk, by feeding proportionally larger 
amounts of fluorine than those received by the animals used in 
this study. In any event the possible increase of fluorine in the 
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saliva would not alter the conclusion that the extra fluorine 
entered the molar enamel from fluids in contact with the teeth. 

It would appear that the very considerably increased fluo- 
rine contents of both fractions of the experimental incisor 
teeth were due, not only to the increased amount of fluorine 
received by the animals during the formation of the teeth, but 
also to adsorption and combination of this element through 
the surface of the enamel and dentin. The structure of dentin, 
which in the rat incisor is exposed on the posterior surface of 
the tooth, would likely facilitate the penetration of dissolved 
materials into it. On this basis one can account for the fact 
that the fluorine content of the incisor dentin of the test ani- 
mals was increased from less than that of the enamel to a value 
equal to the latter even though the amount of fluorine in the 
enamel was considerably elevated. 

If the findings of this study, insofar as they pertain to the 
molar teeth, are applicable to the teeth of the human it would 
appear possible to increase the fluorine content of at least the 
surface layer of enamel of human teeth by topical application 
of soluble fluorides. There is every reason to conclude, until 
positive evidence to the contrary is obtained, that fluorine once 
combined in enamel structure would remain there in large part. 
The fact that a high fluorine content of the enamel of the test 
animals was maintained for 5 days during which the animals 
consumed distilled water is evidence that the union is not a 
loose one. Fluorine present in the mineral phase of calcified 
tissues substitutes for hydroxyl! in the structure of hydroxy- 
apatite (Gruner, McConnell and Armstrong, ’37). That the 
combination of fluorine in the fluor-apatite structure as it 
exists in enamel is stable is shown by the fact that normal 
human enamel contains (Armstrong and Brekhus, 38a) 111 
p.p.m. of fluorine, an amount which is far in excess of the 
fluorine content of any potable water or of the amount of 
fluorine which could reasonably be expected to occur in saliva 
or blood. An extreme example of this sort is seen in the case 
of a woman whose teeth had become mottled as a result of 
residing, during childhood, in a region of endemic mottled 
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enamel. Even though she had used Minneapolis city water for 
22 years before the teeth were extracted the fluorine content 
(250 to 360 p.p.m.) of the enamel was found (Armstrong and 
Brekhus, ’38 a) to be much higher than normal. The fact that 
powdered bone has been found an effective agent for the re- 
moval of fluorine from water (Smith and Davey, ’39) is further 
evidence that the mineral salt of calcified tissues can acquire 
and retain fluorine against a concentration gradient. 


SUMMARY 


The molar teeth of rats fed an ordinary diet contain more 
fluorine in the dentin than in the enamel but the reverse obtains 
with respect to the incisor teeth. 

The fluorine content of the dentin of molar teeth of mature 
rats is not increased when the animals are given water con- 
taining 20 p.p.m. of fluorine. 

The above facts show that a secondary enrichment of dentin 
with fluorine occurs after its calcification and that the process 
does not continue indefinitely. 

The fluorine content of the enamel of mature erupted teeth 
(rat molars) is increased by fluorine which enters it through 
the surface when rats are given drinking water containing 
20 p.p.m. of this element. 
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Few attempts have been made to determine the optimum 
diet for the adult after he has attained middle age. Such re- 
search is beset with difficulties foreign to similar studies for 
the first half of life. After the attainment of middle age the 
body becomes more and more subject to the diseases resulting 
from the regime followed during the first half. Furthermore, 
the diseases that accompany ageing appear. These diseases 
induce strains on the physiological mechanisms and make the 
evaluation of such factors as dietary variables very difficult. 
Nevertheless, the importance of the diet during the latter half 
of life must be of nearly the same order as during the first 
half. Therefore, it must be studied in spite of the handicaps 
imposed by the ageing process and in relation to these very 
changes and diseases which accompany ageing. 

In the present studies the white rat has been employed be- 
cause its life span is short and its diet during early life is well 
defined. The greatest limitation of the white rat and one which 
is little appreciated by most workers is the susceptibility, early 
in life, to diseases of the lungs. This is merely stated here but 
will be discussed elsewhere in our reports concerning the 
pathological aspects of our study. 


* These studies were made possible through the Rockefeller Grant for Research 
in Longevity. 

? Present address: Chemistry Department, Westminster College, New Wilmington, 
Pennsylvania. 
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EXPERIMENTAL 
The effect of 8 and 30% protein levels upon longevity 


We sought to determine whether the amount of protein 
modified the length of life when this was introduced as a vari- 
able in the middle of the life span. For this purpose, rats were 
kept until middle age upon our regular stock diet (Maynard, 
30). When they had attained a mean age of 485 days, twenty- 
four were divided into two groups for blood studies. One was 
fed a diet having a percentage composition of casein 4, salt 
mixture 4, lactalbumin 3, butterfat 5, cellulose 2, sucrose 10, 
yeast 5 and cooked starch 67 while the other was fed the same 
diet with 42% starch and 29% casein. 

Blood samples were taken from the hearts of these rats at 
the start and after they were on the diets for 105 and 187 days. 
At 105 days there was no significant difference in the value for 
the non-protein nitrogen level * and the means fell between 26 
and 32 mg./100 ec. At the 187-day period, however, the N.P.N. 
had risen to 48 mg. for the rats fed the higher per cent of 
protein and remained at the previous level for those upon the 
8% diet. This experiment was then repeated with rats of 
similar age. This time the protein level was not reflected in the 
N.P.N. at the end of 55 days, but a significantly higher level 
was found for the higher protein group at the end of 112 days. 

A second study was run at the same time with the same diet 
to determine the effect of the protein level upon the life span. 
The mean length of life for the twenty-two males upon the 
lower protein diet was 679 + 17 days and 641 + 17 days for 
a similar number upon the higher level. These differences 
were not significant by statistical analysis. 


The effect of 8, 14 and 20% protein levels 


A third study was now undertaken using diets similar in 
composition to those of the first except that carotene was fed 
as an additional supplement to all groups. Diets containing 


*The method was that of P. B. Hawk and O. Bergeim: Practical Physiological 


Chemistry, 9th ed., p. 368. 
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8, 14 and 20% of protein were used, shifting the casein level as 
previously. The mean age of the animals at the start was 
445 days. 

The results in terms of life span are summarized in table 1. 

These data indicated no relation between the level of the 
protein and the length of life when tested statistically, with 
the exception of females fed the 8% level. These animals 
showed increased length of life. 

Non-protein nitrogen was determined in the blood of eight 
rats from each group after they had been fed the diet for 116 
and 238 days. At both periods the mean values were 30 to 
34 mg./100 ec. for those fed the 8 and 14% protein levels but 


TABLE 1 


Mean life span and level of dietary protein in relation to the weight of 
ventricle and kidney 


LEVEL wales Females Males Females Male Female Male Female 
% gm. gm. gm. gm. 
8 16 30 667 841 1.09(11)? 0.93(28) 1.25(11) 1.23(22) 
14 15 30 640 769 1.32(14) 1.12(22) 1.57(11) 1.38(21) 
20 18 35 654 770 1.32(12) 1.06(26) 1.63(11) 1.43(23) 


* Values in parentheses show the number of organs weighed. 


40 and 41 mg. for those allowed the 20% level. Many deter- 
minations of the daily excretion of albumin were made. Upon 
the highest protein level the values varied from 3 to 273 mg. 
However, the mean value for the 20% protein level was 
82 + 15 mg.; that for the two lower levels was 23 + 6. Earlier 
attempts to correlate this excretion of albumin by the rat with 
the protein level of the diet had failed (McCay and Nelson, 
26). 

When animals died and were found while the tissues were 
fresh, weights of organs were obtained. The means of these 
values are assembled in table 1 for the ventricles and kidney 
weights. The weights of these organs in both sexes showed 
increases correlated with increased protein intake. 
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Fourth study using 8 and 20% protein 
In the fourth study more attention was given to the albumin 
of the urine. This experiment was similar to the preceding 
ones and can be summarized in table 2. 


Fifth study of protein level and such modifying factors as 
quality of the protein, exercise of the animals and 
restriction of body fatness 

For this study two groups of male rats were kept until 
middle age upon the stock ration. At the time of starting the 
diets one group was 200 to 300 days of age and the other 400 
to 450. After discarding all animals that did not appear in 
good health, 329 rats remained. These were divided into six- 
teen groups as evenly as possible from a consideration of body 


TABLE 2 


Level of protein and weight of organs 


vase Male Female Male Female Male Female Male Female 
% days gm. gm. gm. 
8 673(22) 839(21) 1.20 1.02 1.25 1,23 265 194 
20 716(22) 818(20) 1.75 1.14 1.54 1.44 272 192 


weight, age and litter of origin. Thus each group contained 
either twenty or twenty-one individuals. 

In order to get a better idea of the development of patho- 
logical changes before death, four from each of the sixteen 
groups were killed at intervals in the course of the study. 
The remainder of sixteen or seventeen rats in each group were 
kept until death, as in earlier studies. 

The regimes for each of the sixteen groups are shown in 
table 4. These rats were housed in an air-conditioned room 
with the temperature maintained as nearly as possible at 
78°F. and the humidity at 40 to 50%. All natural light was 
excluded from the room. 

Throughout this study the short term ‘‘casein’ 


b J 


is used to 


designate those groups receiving a mixture of lactalbumin and 
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casein as the major source of protein. The terms ‘‘thin’’ and 
‘fat’? are used to describe groups restricted and non- 
restricted, respectively, in their daily allowance of calories. 
The purposes of these studies were (1) to compare the effects 
of high and low protein diets when consumed during the latter 
half of life, (2) to compare casein and liver as protein sources 
at two levels, (3) to determine the effect of forced exercise 
versus normal activity and (4) to compare animals allowed to 





Fig.1 Barrels equipped with a sewing machine belt running in bicycle rims 
and attached to a small motor and reducing gears, for exercising rats. 


fatten with those kept thin in body weight during the latter 
half of life. The divisions described above made it possible 
to compare groups of twenty rats or to combine groups into 
large ones with 164 individuals for comparison. Thus all rats 
on high protein diets could be compared with all on low protein 
ones or all rats exercised could be compared with all not 
exercised. 

Exercise was given by forcing the rats to run in rotating 
barrels shown in figure 1. The rate of rotation of the barrels 
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was first set very slow. Gradually the rate of rotation of the 
barrels was increased until the length of exercise period was 
extended to 2 hours daily. Exercise was started in February, 
1937 and continued until November, unless rats became obvi- 
ously sick. From our experience there is no doubt that middle- 
aged rats are killed by exercise if they are badly diseased or 
if they are not given a preliminary period of training. 

In groups subjected to body weight restriction, the ‘‘thin”’ 
ones, the reduction of body weight was made by limiting the 
food eaten in these groups in order to hold the body about 
10% below the maximum weight attained by individuals when 


TABLE 3 


Percentage composition of diets used in fifth study 


HIGH PROTEIN LOW PROTEIN 
Casein Liver Casein Liver 
Cooked starch 34 34 65 65 
Casein 29 — 4 - 
Lactalbumin 4 = 3 — 
Sucrose 10 10 10 10 
Cellulose 2 2 2 2 
Butter 5 5 5 5 
Lard 7 — 2 — 
Yeast (irradiated) 5 5 5 5 
Salt mixture 4 3 4 3 
Dry liver - 41 — 10 


eating all the food desired and not exercising. The non- 
restricted groups were allowed all the food desired. 

The four diets used in this study were constituted as shown 
in table 3. A supplement to this diet given to all rats was 1 mg. 
of carotene added to each kilogram of feed. In addition, every 
rat was given four yeast tablets per week. Each tablet weighed 
a third of a gram and carried 0.02 mg. of carotene. 

Restricted and non-restricted groups all received the same 
amount of basal diet, but the non-restricted or ‘‘fat’’ rats were 
allowed all they wished of a mixture of sucrose 4, starch 4 and 
lard 1, in addition to the regular diet. 

The salt mixture was prepared by mixing 3280 gm. of bone 
meal with an equal weight of limestone. To this was then 
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added 1640 each of KCl and NaCl. To this, in turn, was added 
130 gm. of MgSO,-7 H.O and 30 gm. of ferric citrate. The 
trace elements, consisting of ZnSO,-7 H.O, 5 gm., CuSO,:5 
H20, 1.6 gm., MnSO,- 5 H.O, 10 gm., AlC],-6 H.O, 5 gm., KI, 
0.06 gm., were dissolved and sprinkled over the bone meal. 

The rats of all sixteen groups were kept upon the diet until 
they died, with the exception of four from each group killed 
for study. Post mortem examinations were made in all possible 
cases. Reports of these examinations will be made elsewhere. 
Throughout this study x-ray photographs were used exten- 
sively in following calcification changes in cartilages, bone and 
tissues. These results will be summarized in a later article. 
All organs were weighed at the time of death, before they were 
fixed for histological study. 

Statistical analyses were made of the data from each of the 
sixteen groups, as well as of combinations of these groups. 
All data are summarized in table 4. Conclusions are based 
upon these data. 


RESULTS 
Life span 


None of the variables discussed in this report modify the 
length of life in a manner comparable to the retardation of 
growth discussed previously (McCay et al., ’39). Of the six- 
teen groups, fourteen differ more than enough from others to 
give significant odds. Four combinations likewise differ to the 
same extent from four other combinations. In the groups 
given the higher protein, those fed liver outlived those fed milk 
proteins. Likewise those restricted in food intake in order to 
avoid excessive fatness of the body lived longer than those 
allowed to fatten at will. Restriction was more favorable in 
those fed liver at a high protein level than in those fed milk 
proteins. 

The group that stands out from the others with respect to 
length of life is that fed a low protein diet with liver as the 
source of protein, kept thin and given exercise (13). This com- 
bination of factors was undoubtedly the most favorable. 
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Among eight groups, this one was favored by odds ranging 
from 30:1 to 450: 1. 

Among the high protein groups, that fed liver and restricted 
without exercise outlived a similar group given exercise 
(see 7). In the case of animals exercised on the high liver diet 
the better group was that restricted. 

In table 5 are shown the number alive in each group at inter- 
vals of 100 days. The 700-day period is rather a crucial one 


TABLE 5 


Number of rats alive at age intervals of 100 days and the ages attained by the 
oldest in each group 


NUMBER ALIVE AT 100- 
DAY INTERVALS ze : 
GROUP AGE OF THREE 


rey DIET se ee222 ocseee ay nuaee 
re *2e@esc 
1 High protein—casein—exercise-thin 14 9 4 1 0 0 769 792 889 
2 High protein—casein—exercise—fat 11 8 2 0 0 0 681 708 743 
3 High protein-casein—no exercise-thin 10 4 3 0 0 © 747 754 781 
4 High protein—casein—no exercise—fat 13 6 3 1 0 0 730 738 862 
5 High protein—liver—exercise-thin 13 10 7 4 0 0 851 853 871 
6 High protein—liver—exercise—fat 12 72 00 0 682 717 751 
7 High protein—liver—no exercise—thin 14 $12 8 1 1 1 766 768 1131 
8 High protein—liver—no exercise-fat is 74411 0 WT 1 877 
9 Low protein-—casein—exercise—thin 13 9 5 2 1 1 783 832 1009 
10 Low protein—casein—exercise—fat 13 9 41 0 0 712 732 856 
11 Low protein—casein—no exercise—thin 12 11 8 3 1 0 804 839 900 
12 Low protein-casein—no exercise—fat 12 9 3 0 0 O 712 772 787 
13. Low protein-liver—exercise—thin 14 10 7 6 3 1 947 985 1062 
14 Low protein—liver—exercise—fat 11 11 7 1 0 O 791 795 822 
15 Low protein—liver—no exercise—thin 9 8 5 2 0 0 743 814 877 
16 Low protein—liver—no exercise—fat 14 11 3 1 0 O 730 732 805 


in the life of the rat since it corresponds to about 70 years in 
the life of man. At this time there were forty-seven rats alive 
in the restricted groups contrasted to twenty-eight in those not 
restricted. This is more marked for this variable than the 
33:42 ratio found for high versus low protein. 

There is little evidence to indicate that exercise plays an 
important role in the latter half of life. Perhaps the rat, being 
subject to lung disease, is not a good animal for such a study. 
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Exercise is probably advantageous for the healthy and dis- 
astrous for the sick rat. 

As a rule the restriction of the calories of the diet is favor- 
able for increasing the span of life, although in two groups 
this was not true. In general, rats kept underweight outlive 
those allowed to fatten as they will. 

These data, as well as several earlier studies, afford little 
evidence that the level of protein in the diet affects the life 
span, if the limits are not too extreme. Of all groups, however, 
the best was that obliged to exercise, maintained thin, and fed 
a low protein diet supplied by liver. In most cases liver was 
more satisfactory as a source of protein than the milk proteins. 
Possibly this is subject to other interpretation, since the liver 
may have carried essentials such as unrecognized substances 
not found in the milk proteins. 

As rats live to greater ages the body weight at the time 
of death becomes progressively less. This is only indirectly 
related to the diet, inasmuch as the diet modifies the life span. 
Among the sixteen groups studied, the mean difference be- 
tween the maximum body weight attained and the weight at 
death varied from 129 to 194 gm. At the time of death the 
mean body weights for the different groups varied from 229 
to 311 gm. No further conclusions can be drawn from the 
final weights as they were the result of the terminal disease 
for the most part. 


The maximum body weight and life span 


A spot diagram was prepared showing the relation of the 
maximum body weight attained at any time during life and 
the life span. The rats that lived the longest were those with 
intermediate body weights. This favorable zone for maximum 
life span lay between 350 and 450 gm. No animal whose body 
weight at any time in life exceeded 450 gm. was able to exceed 
810 days for its life span. This was also true for animals whose 
body weights never exceeded 360 gm. For our colony the favor- 
able zone lies within these limits of 350 to 450 gm. This is 
shown in the abridged table 6 prepared from the spot diagram. 
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Extreme age 


Table 5 shows the age attained by each of the three oldest 
in each group. These data give some clue to the factors respon- 
sible. In the present study three individuals attained ages 
exceeding 1000 days. This is unusual among male rats of our 
colony. Two of these individuals were in the groups (9 and 13) 
fed low protein with restriction in food consumption and forced 
to exercise. The oldest three survivors were in such a group 
(13) with the additional variable of liver as the source of pro- 
tein. The group also had the highest mean life span. It is, 
therefore, probable that the conditions under which this group 
lived were the most favorable, namely, low protein with liver 


TABLE 6 
Relation between the maximum body weight attained and the life span of rats 
in per cent of the weight group 


MAXIMUM AGE AT DEATH (DAYS) 
BODY 
WEIGHT 250-409 410-569 570-729 730-889 890-1049 1049 up 
gm 
Below 330 67 33 0 0 0 0 
330 -— 389 10 38 30 20 2 0 
390 — 449 4 27 44 21 3 1 
450 — 509 9 °6 54 18 0 0 
510 up 15 15 62 8 0 0 


furnishing this protein. They also had exercise and were not 
allowed to become as fat as possible since their food intake 
was restricted. 

For attaining extreme age, liver seems more favorable than 
the milk proteins. Exercise seems more favorable on a low 
protein diet than it does on a high one. Prevention of over- 
fattening of the body seems important at both protein levels. 


The weight of the heart 


Only a few significant differences are found in the heart 
weights. The hearts of those fed the high liver diets were sig- 
nificantly heavier than those fed the low liver diet. This differ- 
ence is also found between the small hearts of those fed a low 
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level of liver and the large hearts found when milk proteins at a 
high level with exercise and restriction were the other 
variables. 

The weight of the kidneys 


The well-known effect of protein upon the size of the kidneys 
is found throughout these data. Inasmuch as this is well 
known (Cowdry, ’39) the interesting features to report here 
are that this enlargement resulted from the level of protein 
during the latter half of life and that these kidneys reflected 
the protein level at the death of the animal. The degree of 
wasting which accompanied the last diseases of old age did not 
obliterate the enlargement of the kidneys produced by the high 
protein diet. With one exception all low protein groups were 
very significantly different from corresponding high ones. 

Of the groups fed high protein diets it was found that those 
which were forced to exercise (groups 1, 2, 5, 6) had heavier 
kidneys than those not exercised (groups 3, 4, 7, 8), whether 
they were fat or thin. The increase due to exercise was great- 
est in the thin animals fed casein—0.32 gm. (groups 1 and 3). 
Among individual groups in the higher protein series there 
were six that varied with odds greater than 30:1 while there 
was only one such case in the lower protein series. This sug- 
gests that several factors come into play when the kidneys are 
enlarged as a result of high protein diet. Among these, exer- 
cise, body fatness, and source of protein all play a part. Of 
course, none of these are as marked as the contrast between 
the small kidneys from the low protein diet and the larger 
ones from the high. 


The weight of the liver 


In considering organ weights no attempt has been made to 
relate the organ weight to the body weight at death inasmuch 
as groups were adjusted at the beginning of the experiment, 
in middle age for the rat, so that groups were equal in regard 
to size and weight of individuals. Relations of body weight 
and organ weight at the end represent the relative wasting of 
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the body in old age and the effect of the diseases involved at 
the end of life. 

The livers of the animals fed the higher protein diet were 
heavier than those fed the lower level. This difference 
amounted to about 10% in contrast to that of the body weights 
which differed by about 3%. The restriction in the diet left its 
reflection in the weight of the liver even when rats died from 
natural causes. The livers of rats restricted in food intake 
were lighter in weight as one would expect. This is especially 

arked in the groups fed low protein diets with milk proteins 
as the source. The occurrence of small livers in the group fed 
milk proteins at a low level, without exercise and restricted is 
probably related to the low body weights at the time of death. 


The weight of the spleen 


The presence of so many significant variations in the weight 
of the spleen as a result of these different regimes is sur- 
prising. The total of these amounted to twenty-six, probably 
more than the number found in kidneys. These differences 
were much more prevalent in the high protein groups than in 
the low. The spleens of rats fed casein were larger than those 
fed liver at the higher level. The higher milk protein level 
produced larger spleens than the lower one. In the case of the 
higher protein level those groups exercised had larger spleens. 
Those fed higher levels of milk proteins had larger ones than 
those fed the higher amount of liver. 

Krumbaar (Cowdry, ’39) found that the weight of the spleen 
followed definite trends in relation to age but that there were 
great variations. This is what might be expected if factors of 
diet and regime can produce significant differences. The 
tendency of the spleen to reflect the state of nutrition must 
be much more marked than anyone has observed previously. 
Protein must be a very important dietary factor in modifying 
the spleen since so many significant differences were found for 
the higher level. The only one within the lower protein level 
occurred in those fed liver. This difference lay between the 
exercise variables in the non-restricted groups. 
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Testes 

The significant differences in the weight of the testes are 
found in groups with levels of protein intake different from 
those characterizing any other organ differences. In contrast 
to the spleen the significant variations for the testes are found 
for the most part in the groups fed low levels of protein. In 
the lower protein levels those fed restricted intakes had 
smaller testes with the effect much more marked in the milk 
protein groups. Those fed the higher levels of casein had 
larger testes than those fed the lower. Within the groups fed 
the higher casein level, exercise was the factor producing the 
larger testes. From the whole picture, protein seems to be 
the dominant factor in determining the size of the testes at 
death. At lower levels of protein, the restriction of calories 
becomes very important. 


The lipids of the organs 


In three of the four animals killed from each group, the 
total lipids, the lipid phosphorus and the cholesterol were 
determined upon the fresh tissues. Two series of significant 
differences were found. Animals restricted in food intake had 
lower levels of both cholesterol and total lipids in both the 
heart and liver, while the lipid phosphorus values were about 
the same. The livers of animals fed liver diets were richer in 
all three lipid fractions than those fed casein diets, while the 
hearts showed no differences. The high and low levels of liver 
in the diet produced about the same lipid composition in the 
organs of rats. None of these differences were found in the 


kidneys. 


Comparison of weights of organs of sacrificed rats with 
those of rats dying of natural causes 


To determine if the killing of a small number of healthy rats 
in the course of a life span experiment affords any clue to the 
weight of the organs of rats from a given group at the time of 
death, correlation coefficients were determined between the 
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weights of organs of those killed and those that died in old 
age in each group. The values for ‘‘r’’ were the following: 


ORGAN r P.E. 
Liver 0.66 +(.09 
Heart 0.005 
Testes — 0.033 
Kidneys 0.63 +0.10 
Spleen 0.31 +0.14 


From the killing of a few representatives of given groups 
one can anticipate the weight of certain organs such as the 
kidneys or liver at the time of natural death. To a limited 
extent even the weight of the spleen can be foretold roughly. 
On the other hand, the testes and even the heart must be much 
affected by the terminal disease since their weights bear little 
relation at the time of death to the weights of comparable 
organs from members of the same group killed while in good 
health. 

SUMMARY 


Five studies have been completed to determine the effect on 
rats of different diets and regimes introduced in middle life. 
The protein level of the diet during the latter half of life does 
not affect the life span significantly when the protein consti- 
tutes 8 to 30% of the diet. At the higher level of protein intake, 
the non-protein nitrogen of the blood increases and the heart 
and kidneys become larger. The albumin of the urine varies 
widely but is roughly correlated with the protein level of the 
diet. The factors of most importance during the latter half of 
life, so far as the life span is concerned, are those which deter- 
mine the degree of fatness of the body. Rats kept underweight 
by restriction of calories outlive those allowed to fatten. Exer- 
cise is of minor importance in comparison with body fatness. 
The optimum conditions for a long life proved to be thin 
bodies, exercise, and a low protein diet with this protein pro- 
vided by liver. 

A simple method for exercising animals is described. 

The weights of the organs of rats killed while being sub- 
jected to different regimes in late life correlate with those of 
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the rats that die a natural death in the case of the liver and 
kidneys but not in the case of the heart and testes. 

Inasmuch as the major disease that afflicts rats during the 
latter half of life is one that involves the lungs, it is question- 
able whether the effects of high protein intake on rats are 
comparable te those on man. 
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I. SYMPTOMS AND PATHOLOGY 


MURIEL D. D. BOELTER? AND DAVID M. GREENBERG 
Division of Biochemistry, University of California Medical School, Berkeley 


THREE FIGURES 


(Received for publication August 15, 1940) 


Although the literature concerning the role of calcium in 
metabolic processes is extensive, no one has reported studies 
of what might be called uncomplicated calcium deficiency. Most 
of the dietary regimes previously employed either were not 
so low in calcium as can now be obtained, or were not carried 
along for a sufficient period of time to exhaust the animal’s 
calcium supply. It is the purpose of the present paper to report 
studies in which these objections have been met. This study 
was undertaken as a sequel to the investigation of the effects 
of magnesium deficiency carried out by Tufts and Greenberg 
(’38). 

EXPERIMENTAL METHODS 

Diet. The composition of the basal diet and of the control 
and low calcium salt mixtures has been published in a previous 
paper (Kleiber, Boelter and Greenberg, ’40).* The diets em- 
ployed in this study were similar in composition to those used 
by Tufts and Greenberg (’38) in their work on magnesium 
deficiency. The salt mixtures were prepared so as to contain 

1 Aided by grants from The Rockefeller Foundation and The Christine Breon 
Fund for Medical Research. Technical assistance was furnished by the personnel 
of W.P.A., official project no. 65-1-08-62. A preliminary communication has been 
previously published (Greenberg, Boelter and Knopf, ’39). 

*The material of this paper was taken from a thesis submitted by Muriel D. D. 
Boelter to the Graduate Division in partial fulfillment of the requirements for 
the degree of Doctor of Philosophy, May, 1940. 

* Table 1 in the paper of Kleiber, Boelter and Greenberg (’40) giving the basal 
diet and salt mixtures used in this study, contains two errors. The values of NaCl 
in the Ca-deficient and contro] diets are transposed, and the dosage of the crystal- 
line vitamin supplements is per kilo of diet. 
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a minimum number of constituents in order to facilitate their 
purification. All salts used were recrystallized to free them 
from contaminating substances as far as was feasible. The 
rice bran extract,* used as a supplement to supply certain 
members of the B group of vitamins, was re-extracted with 
50% aleohol. 

Analysis of the diets showed that the control contained 
546 mg. Ca, 84 mg. Mg, and 436 mg. P, while the usual calcium- 
low food contained 9.4 mg. Ca, 85 mg. Mg, and 425 mg. P per 
100 gm. food. Low calcium diets containing about 4 and 20 mg. 
Ca per 100 gm. were also employed in certain of the experi- 
ments. The diet with only 4 mg. of Ca per 100 gm. food was 
obtained by greater care in purifying the individual com- 
ponents. 

The selection and care of the rats and the methods used for 
the analysis of blood, tissue, and body constituents were the 
same as those employed by Tufts and Greenberg (738). 


SYMPTOMS AND SEQUELAE 
1. Growth 


The first noticeable effect of the calcium deficient diet is 
upon the growth rate. In general, there is no other noticeable 
manifestation of the deprivation for about 2 months. When 
the animals are allowed to feed ad libitum, the difference be- 
tween the weight gained by the deficient and the control ani- 
mals becomes pronounced at the end of the second or third 
week. At this time the controls gain over 20 gm. per rat per 
week, whereas the corresponding gain of the deficient animals 
is 10 gm. or even less. After 4 or 5 weeks, the deficient animals 
usually cease to grow, and, in fact, may even decline in weight. 
These facts are illustrated in the growth curves given in 
figure 1. 

The decreased rate of growth of the calcium-deficient rats 
is, to a large extent, the result of decreased appetite. The 
average food consumption of rats fed the deficient diet is 


*Vitab B. 
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6 to 7 gm. per rat per day as against about 12 gm. for the 
controls. The weight of the calcium-depleted animals is also 
adversely affected by the fact that their metabolic rate is 
higher than that of the controls (Kleiber, Boelter and Green- 
berg, *40). 

Within limits, the time required for the appearance of the 
symptoms of calcium deprivation, including the retardation 
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Fig.1 Effect of the calcium level of the diet on the growth of rats. Average 
starting weights varied from 55 to 63 gm. Curves are drawn from data of groups 
of six or more animals. The arrows indicate the time of onset of paralysis in 
several animals of the group. Curve 1, about 4 mg. Ca per 100 gm. diet; curve 2, 
about 10 mg. Ca per 100 gm. diet; curve 3, about 20 mg. Ca per 100 gm. diet; 
curve 4, control, about 550 mg. Ca per 100 gm. diet. 


of the growth rate, varies with the calcium content of the diet, 
taking longest with the diet containing 20 mg. Ca and least 
with the 4 mg. Ca per 100 gm. food (fig. 1). 

Between the weights of about 40 to 100 gm., the size of the 
animals at the time they are placed on the synthetic low cal- 
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cium diet merely affects the ultimate weight which the rats 
attain. The similarity between the growth curves of rats 
placed on the deficient diet at ages of between 25 to 42 days, 
respectively, is shown in figure 2. The larger animals maintain 
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Fig. 2 Influence on growth of weight of animal at beginning of calcium depriva- 


tion. Caleium content of the deficient diet is about 10 mg. per 100 gm. diet. The 
curves are drawn from data of groups of six animals each. The arrow indicates 
the time of onset of paralysis of the hind quarters of some animals in each group. 
The average weight and starting age of the animals were: curve 1, 40 gm., 25 days; 
curve 2, 63 gm., 32 days; curve 3, 90 gm., 42 days. 


their advantage in weight throughout the experimental period, 
but suffer the same consequences at approximately the same 
time as the younger group. This is indicated by the arrow 


in figure 2. 


2. Symptoms of calcium deficiency 


The caleium-deficient animals usually show no outstanding 
characteristics different from the normal for from 7 to 10 
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weeks, and some show no ill effects for the whole of their 
survival time. 

In the first place, the animals show a decreased sensitivity 
and reactivity. They do not exhibit the usual curiosity shown 
by the control rats, but are inert and quiescent, moving around 
the cage very little, and evidencing no interest in the pro- 
ceedings around them. In no instance was tetany induced in 
the rat by lack of calcium in the diet alone. Such potent stimuli 
as the galvanic current or the sound of an air blast failed to 
elicit the convulsive seizures of tetany. 

After 6 to 9 weeks, there may be a loss of hair, varying from 
a slight thinning of the coat to a baldness extending over the 
whole of the dorsal surface of the animal. The possibility 
exists that the loss of hair may be the result of a disfunction 
of the vitamins of the B* group, since administration of a 
high level of riboflavin during the first few weeks on the defi- 
cient diet favors the maintenance of a healthy coat and may 
altogether prevent the appearance of baldness. 

After about 2 months or more, any one or all of the more 
drastic symptoms may appear. These include prostration, 
paralysis of the hind extremities, black feces, and hemorrhages 
from the anus and from the toe-nail bed. Only a relatively 
small percentage of the animals succumb spontaneously to 
prostration and paralysis. The incidence is recorded in table 1. 

The paralytic foot-drop of one or both hind legs is most 
probably the secondary effect of hemorrhages in the central 
nervous system. The paralysis varies in severity depending 
upon the degree of calcium depletion of the rat. In a severe 
ease of paralysis, the hind legs are outstretched backward or 
to one side. If the animal is not entirely helpless, but can 
move a little, it drags the hind limbs, pushing itself forward 
with its fore limbs. Immediately after an animal becomes 


*That the lack of calcium, and not an inadequacy of vitamins, is the ultimate 
cause of the observed deficient syndrome is proved by the fact that animals main- 
tained on a restricted control ration, so that they actually consume significantly 
less food than the deficient rats, show none of the symptoms attributed to calcium 
lack, but are normal in every respect except rate of growth. 
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paralyzed, it is extremely sensitive to touch and squeals con- 
tinuously even if handled gently. 

Sometimes the rat may be completely prostrated for a week, 
and, being unable to consume any food, may consequently 
suffer a great loss of weight. This is illustrated by curve 2 
in figure 1. The time of onset of paralysis is indicated by the 
arrow. 

TABLE 1 


Incidence of death and paralysis on low calcium diet of a total of seventy-eight rats 


TIME ON DEATHS SPONTANEOUS PARALYSIS 
m a —_— pA ae Wessher A a 
3 2 2.6 2.6 
] 1.3 3.9 1 1.3 1.3 
s 5 6.4 10.3 5 6.4 7.7 
9 i 1.3 11.6 2 2.6 10.3 
10 3 3.9 15.5 1 1.3 11.6 
1] 11 14.0 29.5 2 2.6 14.2 
12 4 5.1 34.6 1 1.3 15.5 
13 6 7.7 42.3 1 1.3 16.8 
14 2 2.6 44.9 1 1.3 18.1 
15 0 0 44.9 2 2.6 20.7 
17 4 5.1 50.0 1 1.3 22.0 
18 1 1.3 51.3 1 1.3 23.3 
19 2 2.6 53.9 
20-23 5 


6.4 60.3 


*Animals that did not die were used for experimental purposes after being 


12 to 20 weeks on the diet. 


More than half of the animals suffering spontaneous paraly- 
sis will succumb within 24 hours. Of those surviving the initial 
shock, the majority recover in 2 to 3 weeks, after and during 
which time they are, of course, liable to repeated attacks. 
Except for the animals that die of inanition resulting from 
prolonged prostration, death appears to be due to shock. 

Frequently, the skull of a dead rat in a cage will be gnawed 
through and the brain eaten by the surviving animals.’ No 

*Magnesium deficient rats show a preference for eating entrails of deceased 


cage mates, although often every part of a dead animal will be devoured but the 
skin, which, found in the morning in a neatly rolled up bundle, may be the only 


remaining evidence of the cannibalistic feast. 
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other part of the careass has ever been attacked, and there 
is no evidence to indicate that a prostrated animal is ever 
attacked before its decease. 

The neurological condition and the poorly calcified bones, 
which do not provide adequate skeletal support, affect the 
posture and movements of the animals in various ways. The 
rats show an unsteady gait, walking with a waddling movement 
or hopping in order to protect either one or both hind legs. 
They have difficulty in standing erect, and usually squat on 
their haunches with the hind legs tucked under. They may 
walk stiff-legged, putting down each foot with great care. 
Sometimes they push themselves backward or in a circle, 
using the fore limbs only and pivoting on the hind quarters. 
Conditions similar to the above are passed through on recov- 
ery from a case of severe paralysis, or they may result from 
mild spontaneous attacks not actually involving paralysis of 
the hind limbs. 

The bones of the calcium deficient animals are easily broken, 
and spontaneous fractures of the leg bones are common. 


3. Effect of electrical stimulation 

The prostration and paralysis may be induced at a much 
earlier date (4 weeks) than they occur spontaneously by means 
of mild, short galvanic shocks from an induction coil, and there 
is 100% response to this stimulus after 6 to 7 weeks on the 
ealcium-low diet. The electrical stimulus causes an immediate 
collapse and the subsequent paralysis of the calcium-deprived 
rat. The animal falls on its back or rolls over on its side, the 
head and hind limbs being drawn together with the latter 
flexed against the abdomen. Even if it is not completely 
prostrated, it shows little ability to right itself or to grasp 
objects with its paws. The animal is not unconscious as in 
tetany, but it responds poorly and sluggishly to stimuli. As 
in spontaneous cases, the animal is extremely sensitive to touch 
immediately after it has recovered from the initial shock, but 
within 24 hours the surface of the body loses sensibility and 
the animal no longer shows any response to even painful 
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superficial stimuli. The fore limbs of the rat are not involved 
in the reaction to the electric shock, but remain relatively nor- 
mal throughout. Severely prostrated animals are incontinent. 
The appearance of an animal suffering from a severe case 
of paralysis is illustrated in figure 3. 

The amount of current sent through the animal is extremely 
small and of brief duration. The deficient rats are affected 
practically instantaneously, whereas a normal animal is merely 
annoyed and irritated by even prolonged electrical stimula- 
tion. The stimulus of the sound of an air blast, which is so 





Fig.3 <A ecaleium deficient rat photographed when it had been 9 weeks on the 
deprivation regime, 6 days after the induction of paralysis by galvanic stimulation. 


Note the helpless paralytic condition of the hind limbs, the encrusted nares, the 
size, and complete prostration of the rat. This animal died 2 days later, weighing 
82 gm. Hemorrhagic areas were observed in the lungs, brain, liver, intestines, 


and gluteal musele. 
effective in causing tetanic convulsions in animals reared on 
a low magnesium diet, does not disturb the calcium-deprived 
rats at all. 

Calcium-deficient rats that have survived a convulsive dose 
of strychnine also develop a paralysis of the hind quarters. 


4. Longevity 

The span of life is greatly reduced and the mortality rate 
is greatly increased in the animals on the low calcium diet. In 
a series of observations on seventy-eight animals, 60% died in 
from 3 to 23 weeks, while, in the same period, not a single death 
occurred among the animals on the control diet. The mortality 
statistics and the incidence of the onset of spontaneous seizures 
of prostration and paralysis are given in table 1. 
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5. Recovery 

Animals that survive the shock of either a spontaneous or 
electrically induced paralytic condition may recover com- 
pletely, probably due to resorption of the hemorrhagic clot, 
even though they continue to ingest the calcium-low food. 
Recovery is hastened, however, if the animals are transferred 
to the normal control diet. In some instances there is a perma- 
nent loss of the use of one of the limbs even though the animal 
recovers in every other respect. These animals drag the 
affected limb along in much the same manner as is sometimes 
observed in human eases surviving a hemoplegia. 

Four weeks after the control level of calcium is added to 
the rations of the deficient rats, they are no longer susceptible 
to the induction of paralysis by the electric shock. This was 
determined on animals that had been on the low calcium 
regime for from 10 to 14 weeks, and had suffered either spon- 
taneous or induced paralysis and hemorrhages before they 
were placed on control food. For the first few weeks on the 
recovery diet, they react‘as usual, the effect of the galvanic 
current decreasing as the time on the normal diet progresses. 
Immediately after the rats are transferred to the control diet, 
the amount of food consumed returns to the normal level and 
likewise the weight gain increases to 20 to 30 gm. per rat per 
week. The animals were found to have a normal blood calcium 
concentration after 7 weeks on the calcium-adequate diet. 
Eventually it is impossible to distinguish such rats from 
normal animals in appearance and reactions. 


6. Effect of injection of calcium salts 

On the other hand, injections of calcium salts do not protect 
the depleted animals from the consequences of the galvanic 
shock and coincident paralysis produced by it. In fact, invari- 
ably the calcium injection causes the death of the rat within 
24 hours, even if the animal is not subjected to a galvanic 
shock. The outstanding autopsy finding to which the cause of 
death can be ascribed is the rupture of the ventricle of the 
heart in a longitudinal line from the base to the apex. In the 
calcium low animals, the ventricular wall is abnormally thin, 
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and the added calcium ion in the circulation possibly causes 
the heart to stop in systole, and engorge the ventricle with 
blood, so that it bursts. The lungs, auricles, and all of the blood 
vessels of, and those leading to, the heart are engorged. Most 
of the animals die within 3 to 5 hours after the injection. 

Similar results were obtained with doses of 5 mg. of calcium 
in the form of the chloride, lactate, and gluconate, per 100 gm. 
of body weight. Eleven out of fourteen calcium-deficient ani- 
mals, and not a single one of the controls, died following 
injection of the calcium salts. Twice this dosage of calcium 
had no effect on the corresponding control rats. 

Hoff, Smith and Winkler (’39) have recently reported that 
‘alcium chloride caused the death by circulatory failure of 
normal animals within a few hours after its injection. The 
salt produced fibrillation of the heart before death, and autopsy 
revealed a dilated heart and engorged pericardium. These 
authors state that calcium has a direct depressant effect on 
the heart muscle. 


~ 


7. Autopsy and histological findings 


The conspicuous feature found on examination of the cal- 
cium-deprived animals after death from shock and paralysis 
is the hemorrhage which may occur in practically every in- 
ternal organ of the body. Massive hemorrhagic areas are 
frequently noted in the muscles of the gluteal region. The 
liver and the auricles of the heart, or both, may be engorged 
with blood, and not infrequently the latter may rupture. 
Hemorrhages have been found in the lungs, brain, bladder, 
bone, gastrointestinal walls, nail matrix, and in the peritoneal 
cavity. The intestinal contents are usually very dark, and 
frequently the rats have diarrhea. The intestinal hemorrhage 
appears to originate in the duodenum, as it is at this point that 
the intestines become black. 

The skull is practically uncalcified and paper thin. The rest 
of the skeleton also is very poorly calcified. It has already 
been pointed out by Kleiber, Boelter and Greenberg (’40) that 
calcium-deficient rats are shorter, and that they have a smaller 
skull and finer skeleton than the pair-fed controls. 
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Histological studies ® revealed striking differences between 
the bones of normal and low calcium rats. The contrast was 
especially well shown in the cortical bone of the tibial diaphysis 
where, in the depleted animals, porosis was very pronounced. 
The compact lamellation present in the normal bone was ab- 
sent in the bones from the calcium-deficient animals, except 
for very limited thin periosteal and endosteal shells. Between 
these narrow periosteal and endosteal zones of almost normal 
appearing bone there were trabeculae of apparently poorly 
-alcified osseous tissue. The nuclei of the osteocytes found in 
this tissue are much larger and stain more lightly with hema- 
toxylin than those of the typical osteocyte. These cells were 
embedded in a fibrous matrix arranged in disorderly fashion, 
suggesting that the normal Haversian systems had been com- 
pletely disrupted. Between the trabeculae a very cellular soft 
tissue had replaced the bone matrix. These areas showed blood 
vessels engorged with blood, and small hemorrhagic zones 
appeared occasionally. Many osteoclasts were observed with 
their cytoplasmic processes continuous with the remaining 
bone-trabeculae, resembling somewhat the condition produced 
by certain stages of dosage with parathyroid hormone. Also 
present in the resorption areas were many cells indistinguish- 
able from fibroblasts as well as many typical osteoblasts, and 
where communications had been established with the marrow 
cavity, myeloid tissue had penetrated between the trabeculae. 

Exophthalmos has been observed in rats that have been on 
the diet for as long as 14 weeks. This is probably a symptom 
of their higher metabolic rate. In the later stages of the defi- 
ciency, the animals may suffer a ringed-eye dermatitis, and 
several rats were observed to have developed a cataract of 
one eye. 

Histological examination of animals suffering paralysis 
shows hemorrhagic areas in the following regions of the cen- 
tral nervous system: cerebrum, medulla, brain stem, about the 
choroid plexus of the third ventricle, in the lower right tem- 
poral pole of the brain, and, only occasionally, in the spinal 

* We are indebted to Dr. William R. Lyons for the description of the histologic 


picture of the bones. 
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cord. Evidence of hemorrhage is found in the lung, liver and 
kidney. There are small interstitial blood leaks in the volun- 
tary muscle. The other organs examined were found to be 
normal. 

In the brain no abnormality has been observed in the cere- 
bellum. Special myelin staining shows no evidence of demye- 
linization of any part of the nervous system. However, the 
spinal cord itself is very soft and gelatinous in consistency on 
gross comparison with the normal. Practically no cellular 
reaction is found in the area of the intracerebral hemorrhages, 
whereas the medulla and choroid plexus of the third ventricle 
show hemosiderin phagocytosis. 

Examination of the intestines reveals the presence of many 
brass-colored (hematoxylin-eosin stain) particulate bodies, 
located in the villous capillaries, in the intervillar spaces, and 
at the muco-submucosal junction of the large and small intes- 
tines. The particles are only occasionally phagocytized in 
these regions of the intestinal wall, but a diffuse deposition 
of the bodies is also observed in the fixed sub-mucosal macro- 
phages. The particulate matter does not give the reaction for 
iron with the Prussian blue stain. There is much denudation 
of the intestinal wall of an occasional animal. 

The black feces, encrusted nares, and traces about the urito- 
anal region of a bloody urine found in animals suffering from 
prostration and paralysis are, therefore, external evidence of 
hemorrhages that have occurred within the body.’ 

In explanation of the hemorrhagic state, it may be pointed 
out that calcium ion has long been associated with cell permea- 
bility, its effect on capillaries being to increase vascular tone 
and to decrease permeability by causing capillary constriction 
(Cantarow, °33). Eppright and Smith (’37) attributed the 
observed blood extravasation from the nares on a salt-free diet 
to a capillary fragility due to the deficiency of calcium. Histo- 
logical examination indicates that possible alterations in the 


* Because of the well-known fact that vitamin C deficiency causes hemorrhages 


in susceptible animals, experiments were carried out to determine the effect of 
the addition of ascorbic acid on the hemorrhagic condition suffered in calcium 
deficiency. No alleviation of the condition produced by a lack of calcium was 
found on feeding the experimental rats an abundant amount of ascorbic acid. 
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blood vessel walls are produced by our calcium-deficient 
regime. 
8. Urine 

A striking characteristic of the severe calcium deficiency is 
the output of a very large volume of urine. In one trial the 
deficient animals averaged an excretion of about 25 ce. of urine 
per day as against 8 cc. for the controls. The average specific 
gravity was 1.02 and 1.06, respectively. Microscopic examina- 
tion showed the presence of some erythrocytes and very many 


ere 


TABLE 2 


Comparison of urinary volume and specific gravity in normal and 
calcium-deprived rats 





VOLUME pode tn 
x 
Caleium deficient Rat 1 23.9 = 1.9? 1.02 + 0.003 
Rat 2 24.5 + 2.2 1.02 + 0.002 
Control Rat 5 44+ 0.6 1.08 + 0.006 
Rat 6 10.5 + 0.6 1.05 + 0.006 


‘The figures represent the average of weekly values and their mean deviations 
of the mean for a period of 9 weeks on the experimental diet. 


crystals in the urine of the calcium-deficient rats. A summary 
of the data on urinary volume and specific gravity is given in 
table 2. Data on the mineral composition of the urine will be 
published in connection with a study of the calcium balance 
in this condition. On the other hand, the output of feces by 
the calcium deficient rats is very scanty. The great reduction 
in the amount of calcium phosphate and calcium soaps in the 
intestinal tract is responsible for this. 


CONCLUSIONS 


The chief results of this investigation may be summed up 
in the following conclusions. A severe deficiency of calcium 
in the diet of the rat leads to musclar weakness and collapse 
rather than to tetany. The outstanding effect of the low cal- 
cium regimen is the susceptibility of the animal to hemor- 
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rhages. The bleeding may be the result of a disturbance of the 
role calcium plays in cell permeability, or may be due to 
changes in the vascular walls. 
SUMMARY 

1. Growing rats reared on a synthetic diet containing about 
10 mg. calcium per 100 gm. food developed a condition charac- 
terized by the following syndrome: (a) retardation of growth; 
(b) decreased food consumption; (c) high basal metabolic 
rate; (d) reduced activity and sensitivity; (e) osteoporosis or 
low calcium rickets; (f) abnormal posture and gait; (g) sus- 
ceptibility to internal hemorrhage which results in prostration, 
paralysis of the hind quarters (frequently fatal), encrusted 
nostrils, bleeding from the anus, and black, diarrheal feces; 
(h) a large increase in the volume of the urine; and (i) reduced 
span of life. 

2. The hemorrhages and their consequences of prostration 
and paralysis are easily induced by a mild galvanic shock. 

3. Rats suffering from the effects of calcium deprivation 
again become normal in appearance, reactions, and chemical 
composition a few weeks after they are supplied food with an 
adequate amount of calcium. 

4. The injection of calcium salts almost invariably causes 
the death of the caleium-deprived animals within a few hours. 
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SEVERE CALCIUM DEFICIENCY IN GROWING RATS! 
II. CHANGES IN CHEMICAL COMPOSITION 


MURIEL D. D. BOELTER*? AND DAVID M. GREENBERG 
Division of Biochemistry, University of California Medical School, Berkeley 


FOUR FIGURES 
(Received for publication August 15, 1940) 


A description of the symptoms and pathological changes 
produced by diets very low in calcium in growing rats has been 
given in the first paper of this series (Boelter and Greenberg, 
41). The accompanying chemical changes in blood, tissues 
and bone form the subject matter of the present report. 

With the exceptions noted below, the methods used for the 
analysis of blood, tissue and body constituents were the same 
as those employed by Tufts and Greenberg (’38). 


RESULTS 
1. Blood 
There is a marked progressive lowering of the calcium con- 
centration of the blood during the course of the extreme eal- 
cium deprivation. This is brought out in the curves of figure 1. 
The majority of the data were obtained from animals on a 
deficient diet containing approximately 10 mg. Ca per 100 gm. 
food. However, the three values, constituting curve 2, are 
from rats that received the 4 mg. Ca diet. These figures are 
among the lowest obtained and were reached much earlier in 
1 Aided by grants from the Rockefeller Foundation and The Christine Breon 
Fund for Medical Research. Technical assistance was furnished by the personnel 
of W.P.A. (official project no. 65-1-08-62). 
* The material of this paper was taken from a thesis submitted by Muriel D. D. 


Boelter to the Graduate Division in partial fulfillment of the requirements for 
the degree of Doctor of Philosophy, May, 1940. 
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the course of the experiment. The ultimate result with either 
of the above ealcium levels, however, is the same, so that ordi- 
narily the less highly purified diet was employed. 

The serum calcium starts to fall rapidly after the second 
week on the 10 me. Ca diet, reaches its low level of around 
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Fig.1 The decrease in serum calcium concentration during calcium deprivation. 
Analysis made upon composite blood samples of two to four animals each. Results 
are expressed in milligrams of caleium per 100 ec. of serum. Curve 1 (open circles), 
about 10 mg. Ca per 100 gm. diet; curve 2 (open squares), about 4 mg. Ca per 
100 gm. diet; curve 3 (open triangles), about 20 mg. Ca per 100 gm. diet; control 
range (solid circles), between the two horizontal dotted lines, about 550 mg. Ca 


per 100 gm. diet. 


5 mg. per 100 ce. in about 8 weeks, and remains equally sub- 
normal during the rest of the lifetime of the animal. The two 
points forming curve 3, in figure 1, represent analyses from 


rats receiving a ration which contained as much as 20 mg. Ca 
per 100 gm. food. They are decidedly higher than all the 
corresponding serum calcium values on the lower calcium- 
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RATS. II. 
containing diets. However, they are still below the lower 
limits of the control range. The time at which prostration and 
paralysis first can be produced by electrical stimulation cor- 
responds with the attainment of a low serum calcium con- 
centration.* 

The low blood calcium levels are of interest because never 
has there been noted a case of tetany among the hundreds of 
animals reared by us that must have had a blood calcium of 
between 4 to 6 mg. per 100 ec., a concentration which is sup- 
posed to be the cause of ‘‘low calcium’’ tetany in parathy- 
roidectomized animals. 

Low values of the serum calcium concentration unaccom- 
panied by any signs of tetanic convulsions have been reported 
in animals suffering from a variety of pathological conditions, 
including parathyroid deficiency (Godden and Duckworth, ’35; 
Pal and Singh, ’38; Salvesen and Linder, ’23; Shohl and Bing, 
28; Shohl and Wolbach, ’36; Templin and Steenbock, ’33; 
and Wade, ’29). Many authors have come to the conclusion 
that factors other than calcium deficiency are involved in the 
production of tetany, and that a diminished level of serum 
calcium is not invariably associated with tetany. 

The changes in inorganic serum phosphorus concentration 
are shown in figure 2. The inorganic phosphorus of the cal- 
cium-deficient animals falls at first more or less parallel to the 
‘alcium concentration, but it returns to the initial level after 
about 2 months on the calecium-low diet. 

A summary of the blood levels of certain other constituents 
besides calcium and phosphorus is given in table 1. The serum 
and red corpuscle magnesium of the calcium-deprived rats 
remain within the normal range throughout the whole time of 
the experiment. The blood sugar and hemoglobin are the 
same for the deficient and normal rats. The serum phospha- 
tase level, which might be expected to be altered because of 


* Paralysis could be induced by electrical shock in parathyroidectomized rats 
maintained on the low calcium diet when their serum calcium concentration was 


normal. 
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Fig. 2 Changes in serum phosphorus of animals reared on calcium deficient and 
normal diets. Data expressed as milligrams phosphorus per 100 ce. serum. Analysis 
upon pooled blood samples. Deficient (solid line and open circles), about 10 mg. 
Ca per 100 gm. diet; control (broken line and solid circles), about 550 mg. Ca 


per 100 gm. diet. 


TABLE 1 


Composition of the blood in calcium deficiency 


DEFICIENT CONTROL 
CATEGORY OF INTEREST 
No Range Mean No. Range Mean 
Serum magnesium * 8 2.2-3.6 2.8 8 2.5-4.5 3.4 
Red corpuscle magnesium * 8 4.3-9.9 7.6 8 6.3-8.8 7.8 
Blood sugar * 2 84 2 85 
Serum phosphatase * 3 108-123 115 5 98-132 112 
Hemoglobin * 3 79— 80 80 4 79-— 8&5 R2 


* Analytical values expressed in milligrams per 100 ce. 

7 Values expressed in tyrosine units (Greenberg, Lucia and Weitzman, ‘40). 
Several determinations by Bodansky’s method (’33) yielded average values of 
24.9 for deficient and 21.5 for control rats. 

* Values expressed in per cent according to the Newcomer method (723), 


(100% 16.9 gm. hemoglobin). 
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the defects in the skeleton, was found also to be essentially 
the same as that of the calcium-supplied controls. 

In these analyses blood sugar was determined by the method 
of Miller and Van Slyke (’36), phosphatase by the method of 
Greenberg, Lucia and Weitzman (’40) with disodium pheny] 
phosphate as substrate, and, in several instances, by Bodan- 
sky’s method (’33) with sodium-f-glycero-phosphate as the 


TABLE 2 
Calcium, magnesium, and phosphorus content of certain tissues in extreme calcium 
deficiency. Data in milligrams per 100 gm. fresh tissue 








DEFICIENT CONTROL 
No. Range Mean ao} No. Range Mean ot 
Calcium 
Muscle 19 3.1-19.2 7.2 09 17 = 4.0-16.8 7.9 1.0 
Kidney 24 1.0-10.9 5.6 0.5 24 3.7-10.0 6.2 0.3 
Heart 20 8 3.0-28.0 10.9 1.3 19 2.7-19.7 8.1 0.9 
Magnesium 
Muscle 15 20.7-36.0 30.4 1.1 14. 19.8-38.6 30.2 1.4 
Kidney 18 18.9-27.1 23.6 0.5 18 15.1-37.9 23.8 1.2 
Heart 14 19.8-36.9 25.8 1.2 13. 17.6-25.9 22.3 0.75 
Phosphorus 
Muscle 14 86-142 110 3.5 q 81-130 108 10 
Kidney 14 117-279 153 10 7 123-213 15311 
Heart 13 86-142 110 5 3 87-134 113 
Liver 17 100-164 140 t 7 88-148 120 7 
143 4 6 123-174 149 7 


Brain 15 124-170 





al mean deviation of the mean ysis 
° n(n-1) 


substrate. Hemoglobin levels were determined by the New- 
comer method (’23). 

The only striking alteration, therefore, that has been ob- 
served in any of the blood constituents, is the reduction of the 
serum calcium concentration. 


2. Soft tissues 


Table 2 contains a statistical summary of the calcium, mag- 
nesium, and phosphorus contents, respectively, of certain of 
the soft tissues. These represent analyses at various stages 
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of the deficiency covering the time period from about 14 to 84 
days. No striking changes from the normal are noted in the 
amount of calcium in the body tissues at any time during the 
progress of the deprivation. The results indicate that there 
may be some trend toward depletion of the calcium content of 
the muscle and kidney, but the variability is such that the 
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Fig.3 Variation in caleium content of whole rat careass with time during 
calcium depletion. Data are expressed in milligrams calcium per 100 gm. fresh 
carcass. The points represent weekly averages of analytical data. Curve 1 (solid 
circles), control, about 550 mg. Ca per 100 gm. diet; curve 2 (open triangles), about 
20 mg. Ca per 100 gm. diet; curve 3 (open circles), about 10 mg. Ca per 100 gm. 
diet. 


difference between the calcium deficient and control animals 
is not statistically significant. On the other hand, the calcium 
is tenaciously retained by the heart. 


3. Mineral content of the whole body 
The changes in body calcium are shown in the curves of 
figure 3. The points of the curves represent the average cal- 
cium percentage of groups of animals sacrificed at weekly 
intervals. After as little as 2 weeks on the calcium-low diet, 
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the body calcium is already reduced to about two-thirds the 
content of the control rats. Between 8 and 12 weeks on the 
diet, there is a noticeable increase in the per cent calcium of 
the deprived-rat carcass. The body calcium content of the 
control rats increases with growth, so that at 6 to 7 weeks the 
deficient level becomes actually less than half of the normal. 

On the diet of 4 mg. Ca per 100 gm. food, the calcium deple- 
tion is even more drastic, the body calcium reaching the 
extremely low value of 313 mg. per 100 gm. of carcass in the 
rat reared for 11 weeks on this diet. This is considerably 
below the values found on the usual deficient diet at any time. 
On the 20 mg. Ca diet, depletion of the body calcium is very 
much slower, so that at 6 weeks on the diet, the body calcium 
is nearly within the control range. 

The average values of the per cent magnesium in the bodies 
of the calcium-deficient animals are always below those of the 
normal rats of the same age. The lowered total body mag- 
nesium reflects the low content of magnesium in the bones of 
the calecium-depleted animals. The changes in body magnesium 
are shown in figure 4. During the initial stages of calcium 
depletion, there is an increase in whole body magnesium, but 
after 2 months on the calcium-low regime, the per cent of 
magnesium decreases, paralleling the drop observed in the 
control animals. 


4. Composition of bone 


A statistical summary of the chemical data obtained from 
the analysis of the bones of the deficient and control animals 
is recorded in table 3. 

The bones of the caleium-deprived animals are poorly caleci- 
fied, but the composition of the bone mineral is not essentially 
altered. The poor degree of mineralization of the bones of the 
deficients is indicated by the ash content being about 40% 
below that of the controls. Because of the low ash content, the 
percentage of calcium in the deficient bones is only about one- 
half that of the controls. The magnesium and phosphorus are 
about one-third lower than the normal. In percentage of bone 
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Fig.4 Changes in total body magnesium during the course of caleium depletion. 
Data are expressed as milligrams magnesium per 100 gm. fresh carcass and are 
obtained from the weekly averages of the analytical values. Curve 1 (solid circles), 
control, about 550 mg. Ca per 100 gm. diet; curve 2 (open circles), about 10 mg. 


Ca per 100 gm. diet. 


TABLE 3 
Composition of bone 








ASH CALCIUM MAGNESIUM PHOSPHORUS 
Ash Bone Ash Bone Ash Bone 
N % % % % % % 


Calcium deficient (21 analyses, 14-84 days on diet) 
Range 21.6-53.9 18.2-40.6 6.7-19.9 0.39-1.96 0.15-0.62 10.1-20.5 3.6-9.8 
Mean 39.9 29.7 11.8 0.94 0.35 16.9 6.9 
. 1.7 12 0.7 0.09 0.03 0.5 0.4 


o 
Control (11 analyses, 7-84 days on diet) 


Range 54.0-69.2 32.3 3.7 18.6-28.3 0.56-0.90 0.37-0.59 13.4-20.3 9.0—13.1 
Mean 65.0 38.1 24.7 0.75 0.48 16.3 10.5 
o* 1.3 1.3 0.9 0.04 0.03 0.6 0.4 
Recovered ” 
Range 72.7-73.8 29.6-32.4 21.5-23.9 0.46-0.48 0.33-0.37 12.3-12.9 8.9-9.5 
Mean 73.2 31.0 22.7 0.47 0.35 12.6 9.2 
le mean deviation of the mean = Vix oat 
n(n-—1) 


*Data for two rats that were reared on the control diet for about 22 weeks 


after having been deprived of calcium for 10 weeks following weaning. 
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ash, the mean calcium value is only 16% below normal, the 
magnesium about 25% higher than the control, and the phos- 
phorus is unchanged. 

Analysis of the bones of two animals given the control food 
for 22 weeks after they had been 10 weeks on the calcium-low 
diet following weaning revealed a normal percentage of ash 
and calcium, a significant reduction in phosphorus, and a very 
low content of magnesium. 


SUMMARY 


1. Severe calcium deprivation causes a rapid reduction in 
the serum calcium concentration, and a decrease in the cal- 
cium and magnesium content of the whole rat carcass. The 
serum inorganic phosphorus, magnesium, and phosphatase, 
red corpuscle magnesium, and the blood sugar do not deviate 
from normal. There is the usual content of hemoglobin in the 
blood. The soft tissues maintain their normal mineral content. 

2. The bones of the deficient animals are greatly demineral- 
ized. The per cent of ash and calcium of the bone is only about 
one-half the normal. There is a lesser decrease in the phos- 
phorus and magnesium percentage. In the bone ash, the con- 
tents of calcium, magnesium, and phosphorus are slightly low, 
high, and normal, respectively. 
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STUDIES ON RIBOFLAVIN AND THIAMIN IN THE 
RUMEN CONTENT OF CATTLE! 
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(Received for publication August 26, 1940) 


Bechdel, Honeywell, Dutcher and Knutsen (’28) in connec- 
tion with studies on the synthesis of the vitamin B complex in 
the rumen of the cow reported that the fermented rumen con- 
tent contained more of the vitamin B complex than the feed 
of the animal. These investigators also found that one bac- 
terium of the genus Flavobacterium was about 90% predomi- 
nant in the rumen microflora and that the feeding of the dead 
bacteria to rats on a vitamin B complex free ration resulted 
in increased growth. From these findings the authors con- 
cluded that the vitamin B complex was produced in the rumen 
of the cow by bacterial action and that the results offered an 
explanation as to why Bechdel, Eckles and Palmer (’26) were 
able to grow cattle to maturity and have them produce normal 
offspring on a ration that carried an insufficient amount of the 
vitamin B complex to support growth and well-being in rats. 
Since this work was done, it has been shown that the vitamin 
B complex, as originally postulated, is made up of several 
factors, parts of which have been chemically identified. 

The fact that Bechdel and associates (’28) found a chromo- 
genic bacterium to predominate in the microflora of the rumen 
suggested to us that possibly riboflavin was being synthesized 
in the rumen by bacterial action and not vitamin B, (thiamin) 
alone. 

? Published with the permission of the Director of the Ohio Agricultural Experi- 


ment Station. 
? Deceased. 
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In connection with another study that is in progress at this 
institution, which makes use of an artificial rumen fistula in 
steers, the opportunity was afforded to study the possible syn- 
thesis of some of the fractions of the vitamin B complex in 
the rumen of the animal. The present report deals with ribo- 
flavin and thiamin of the feed and rumen content. 


EXPERIMENTAL 
Biological assays 

The experimental procedure consisted of feeding weighed 
amounts of the feed the steers received or the dried content of 
the rumen to rats, as sources of riboflavin and thiamin. The 
rats were confined to wire cages when 35 to 45 gm. in weight 
and fed a vitamin B complex free ration, consisting in percent- 
age composition of vitamin-free casein * 20; sucrose, 71; salt 
mixture, 4; hydrogenated cottonseed oil,‘ 3; and cod liver oil, 2. 

For the riboflavin studies, the above ration was supple- 
mented with daily additions of 10 pg. of thiamin and a water 
soluble fraction of yeast ° from which the greater part of the 
riboflavin had been removed. The amount of yeast extract fed 
daily was equivalent to 1.5 gm. dried yeast. This amount of 
veast extract plus thiamin resulted in an average gain of 
10 gm. in forty-six rats during the assay period of 6 weeks. 
When adequate amounts of riboflavin (40 pg.) were fed in 
addition to the yeast extract and thiamin, average gains of 
about 20 gm. per week for 6 weeks resulted. The yeast extract 
in amounts of 0.25 gm. dried yeast daily also cured acroderma- 
titis in rats. 

When the rats had attained a satisfactory weight (plateau 
in weight curve in 2 to 3 weeks) as evidenced by daily weigh- 
ings, they were transferred (equal number of males and 
females) to individual cages and the finely ground samples of 
feed or dried rumen content were fed in separate dishes as the 
source of riboflavin. A negative control group was included 


* Labeo. 


* Crisco. 
* Northwestern Yeast Co., Chicago, TIl. 
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in each trial. At the same time different levels of synthetic 
riboflavin were fed in addition to the yeast extract and thiamin 
to obtain a calibration or reference curve (table 1) which was 
used to calculate the riboflavin content of the products under 
study (table 2). To assure that the growth response induced 
by feeding the dried ingesta in these studies was a measure 
of its riboflavin content and not of other growth factors, a 
group of rats was fed 600 mg. of dried (16 hours) ingesta daily 
from trial 5 in addition to the yeast extract, thiamin and 40 ug. 
riboflavin. The results presented in table 1 show no growth 
increase from the feeding of the dried ingesta. 


TABLE 1 


Weight increments in rats fed varying amounts of riboflavin 


AVERAGE 
ees = AVERAGE INCREASE 
ai ne — SENSES INCREASE IN WEIGHT 
SUPPLEMENT oF FED — 7 
ANIMALS DAILY im WaIent OvER 
6 WEEKS NEGATIVE 
CONTROLS 
vg gm. gm. 
8 2.5 32 25 
Positive control 8 5.0 53 46 
Synthetie ribo- 8 10.0 83 76 
flavin (Merck) 8 20.0 111 104 
8 40.0 126 119 
600 mg. ingesta 5 40.0 117 
Negative controls 8 0.0 7 


In the thiamin studies the above vitamin B complex free 
‘ation was supplemented daily with 600 mg. of autoclaved 
yeast as the source of the vitamin B complex factors other 
than thiamin. In trial 5 the autoclaved yeast was replaced with 
1.5 ec. of the yeast extract (1.5 gm. yeast) and 40 pg. of ribo- 
flavin. Rats which received either the autoclaved yeast or 
yeast extract plus riboflavin all died of polyneuritis in the 
course of 3 to 4 weeks. When the growth curves of the rats 
had exhibited a weight plateau (3 to 4 weeks) the animals were 
transferred (equal number of males and females) to individual 
cages and given weighed amounts of the finely ground feed or 
dried ingesta as the source of thiamin. The supplemental feed- 
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ing was continued for 6 weeks. Negative control groups were 
included in each series. 

The steers used in trials 1, 2, 3, 4, 6, and 7 were mature ani- 
mals and had been on their respective rations for several 
weeks before the samples of ingesta were collected. The daily 
ration in case of trials 1, 2, 3, and 4 consisted of 8.0 pounds of 
yellow corn, 8.0 pounds alfalfa hay, and 1.5 pounds of protein 
supplement. In trials 6 and 7 the steers were fed alfalfa hay 
exclusively. Two young steers weighing about 400 pounds 
were used in trial 5 and each was fed daily 2.5 pounds yellow 
corn, 3.5 pounds chopped alfalfa hay, and 0.5 pound protein 
supplement. One of these steers was fed its portion of corn 
whole and the other ground. Samples of ingesta were collected 
from each animal after they had been on the above ration for 
2 weeks, then the rations were reversed and another sample 
of ingesta taken from each animal after 10 days of feeding. 
The ingesta from the two animals fed whole corn and the 
same animals fed ground corn were then combined for drying 
and feeding. 


Method of collecting samples 


In all trials except trial 5 the content of the rumen was 
sampled by removing 15 to 20 pounds of the ingesta from 
various parts of the rumen at different intervals after feeding. 
The sampling in all but three trials extended over 3 or more 
days. After sampling and compositing, the ingesta were dried 
in shallow pans before an electric fan in a dark room. In some 
cases part of the composited ingesta were incubated for 12 or 
48 hours at 37°C. and then dried. The samples in trial 5 were 
obtained by removing the entire rumen content of the steer 
at each collection period. The ingesta were thoroughly mixed, 
sampled, and the remainder returned to the rumen. The fresh 
samples of ingesta were treated with 95% ethanol so that the 
final concentration was about 45% by weight and then stored 
in a cool, dark place until all samples had been collected and 
composited, after which they were dried by the same method 
is in the other trials. 
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The feed in all trials was sampled on the day before and 
during the days when collections of ingesta were made. The 
samples for each trial were then finely ground and composited 
in the same proportion as they were fed to the animal. All 
samples of feed and dried rumen content were stored in the 
dark. 

RESULTS AND DISCUSSION 

The results of the riboflavin studies are presented in table 2. 
In all instances (trials 1, 3, 4, and 5) where the steers had 
been fed a ration of yellow corn, alfalfa hay, and a protein 
supplement, the dried ingesta which had been in the rumen 
12 or 16 hours showed a greater riboflavin content than the 
feed. In two out of the three trials (trials 2, 4, and 5), when 
the corn-hay-protein supplement ration was fed, the 4-hour 
dried ingesta sample showed an increased riboflavin content 
when compared with the feed. The incubation of the 4-hour 
ingesta sample in two trials showed an increase in riboflavin 
content when incubated for 48 hours (trial 2) but no increase 
when incubated for 12 hours as in trial 4. The 16-hour ingesta 
sample (trial 3) incubated for 48 hours did not show an 
increase in riboflavin due to incubation. 

It is of interest that in both trials (6 and 7) where alfalfa hay 
served as the only feed of the steers no increase in the riboflavin 
content of the dried rumen content was observed either in the 
4- or 16-hour sample. Furthermore, there was no increase in 
the riboflavin content of the 4-hour ingesta (trial 7) sample 
after incubating for 48 hours at 37°C. Kick and associates 
(’38) have reported that the rumen content of steers fed 
alfalfa hay exclusively is alkaline in reaction, whereas if grain 
and a protein supplement are fed with alfalfa hay the rumen 
content is acid in reaction. Whether the reaction of the ramen 
content or some other factor was concerned in the results 
obtained on the two different types of rations used in these 
studies is not clear and requires further investigation. The 
results, in general, show that a synthesis of riboflavin takes 
place in the rumen of the steer when a mixed ration of corn, 
alfalfa hay, and a protein supplement is fed. These observa- 
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The comparative riboflavin content of the feed and the dried ingesta of the rumen 


TRIAL MATERIAL 


Feed 
Ingesta 
Feed 


Ingesta 


Feed 


Ingesta 


Feed 


Ingesta 


Ingesta 


Feed 


Ingesta*® 


Ingesta? 


Feed 


Ingesta 


Feed 


Ingesta 


‘Interval after last feeding when sample was 


> Ground corn. 
*Whole corn. 
* Alfalfa hay ration. 


TIME! 
IN 
RUMEN 


hours 


16 
16 
16 


16 
16 


16 


16 


16 
16 


16 
16 


4 


TIME 
INGESTA 
INCU- 
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AT 37°C 


hours 


48 


DAYS 
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no. 
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AMOUNT 
FED 
DAILY 
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600 
300 
300 
300 
300 
300 
300 
300 
300 : 
600 
300 
600 
600 
300 
600 
300 
600 
300 
600 
300 
600 
300 
600 
300 
600 
300 
600 
300 
300 
600 
500 
500 
500 


AVERAGE 

GAIN 

OVER 
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gm. 
29 
42 
20 
20 
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61 


ESTIMATED 
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FLAVIN 
CONTENT 
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10-13 
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tions are in accord with the findings of McElroy and Goss (’39) 
and offer a possible explanation as to why Johnson, Loosli 
and Maynard (’40) did not obtain improved growth in calves 
fed yeast or liver as supplements to a purified ration devoid 
of riboflavin. 

The results of the thiamin studies presented in table 3 show 
that the dried ingesta of the rumen taken 12 or more hours 
after feeding contain less thiamin than the feed given the 


TABLE 3 
The comparative thiamin content of the feed and the dried ingesta of the rumen 


TIME 


. ane DAYS —_ AVERAGE RATS 
TIME! | INGESTA| 0 AMOUNT |“'"* . 
TRIAL MATERIAL IN INCU- —— RATS FED pen as seade 
ae aero! LECTED DAILY | WEIGHT | NEURITIS 
hours hours no. no. mg. gm. % 
Feed 6 400 20 
] : 
Ingesta 12 ] 6 400 —2 66 
Feed 8 400 19 
2 4 1 8 400 28 
Ingesta 4 48 ; g 400 15 
Feed 8 400 21 
2 16 3 8 400 10 30 
o . 
Ingesta 16 48 3 8 400 1 50 
16 9 8 400 2 
Feed s 400 19 
a 8 800 41 
4 3 8 400 12 37 
4 Ingesta 4 3 8 800 50 
4 12 3 ~ 800 34 
, 16 3 8 400 9 25 
resta 
— 16 3 s 800 38 
Feed 8 400 2] 
_ 4 800 72 
F : - 16 3 8 400 —10 37 
» resta? 
—T 16 3 8 800 5 50 
1 ta 16 3 8 400 100 
resta’ 
nn 16 3 8 800 100 
Feed 6 500 16 
, fn , t 4 3 6 500 27 
ngesta 
é 4 48 3 6 500 7 


* Interval after last feeding when sampie was withdrawn from rumen. 
? Whole corn. * Ground corn. * Alfalfa hay ration. 
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steer. The 4-hour ingesta samples, on the contrary, showed 
an increased thiamin content in two of the three trials. This 
suggests either that the thiamin was rapidly absorbed by the 
animal or that it was in part destroyed, since the incubation 
of the fresh ingesta in four trials for 12 or 48 hours resulted 
in a decreased thiamin content. Further studies are required 
to determine which of these possibilities is correct. 


CONCLUSIONS 


The results of these studies show that riboflavin is synthe- 
sized in the rumen of the steer when the animal is fed a ration 
of vellow corn, alfalfa hay, and a protein supplement. 

Evidence was also obtained that the dried ingesta of the 
rumen of the steer fed exclusively on alfalfa hay contained 
less riboflavin than did the hay. 

The data also indicate a greater thiamin content of the dried 
ingesta of the rumen removed 4 hours after feeding than in the 
feed, and a decreased content 12 or 16 hours after feeding. 
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THREE FIGURES 
(Received for publication September 3, 1940) 


Cobalt was found to be essential in the nutrition of sheep 
by Underwood and Filmer (’35), Lines (’35) and of cattle 
by Neal and Ahmann (’37) and Filmer and Underwood (’37). 
In all of the above cases anemia was found to occur in the 
animals on natural rations grown in areas known to have a 
very low content of cobalt in the soil. Underwood and 
Elvehjem (’38) attempted to demonstrate a cobalt deficiency 
effect in rats on milk diets and concluded that, if a cobalt 
requirement exists at all, it must be less than 6 pg. per kilo- 
gram of body weight per day. 

Since some of our growing dogs failed to attain normal blood 
values over several months’ time with iron and copper therapy, 
we became interested in the possibility that cobalt might 
function at that point to stimulate hematopoiesis. 


EXPERIMENTAL 


Attempts to produce cobalt deficiency. Nutritional anemia 
was produced in a litter of six Beagle puppies by the method 
of Potter et al. (’38) and Frost and associates (’40). In this 
‘ase the pups were obtained at 2 weeks of age and were placed 
with the mother on raised screens. Only cows’ milk was fed 


? Published with the approval of the Director of the Wisconsin Agricultural 
Experiment ‘Station. This work was supported in part by a grant from the 
Works Progress Administration. 
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to the mother for the next 2 weeks, at the end of which time 
the pups were weaned to milk. The development of anemia in 
these dogs was very rapid. The type of therapy varied with 
the different dogs, but two typical results are shown in figure 1. 
One of the dogs was given 20 mg. of iron and 2 mg. copper 
daily when the hemoglobin level reached 6 gm. per 100 ce. of 
blood. An immediate response occurred, but when the hemo- 
globin reached about 11 gm., there was little if any additional 
improvement. The level was maintained for about 10 weeks. 
When 4 mg. of cobalt per day were added in addition to the 
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Fig.1 The additive effect of iron, copper and cobalt in blood building in 








young dogs. 


iron and copper, there was an immediate increase in hemo- 
globin and normal levels were reached. The other dog was 
given a preliminary treatment with iron alone to deplete the 
copper reserve. When iron and copper were given at levels of 
40 mg. and 4 mg. respectively, the typical response was ob- 
tained but a plateau was again observed at 11 to 12 gm. 
hemoglobin. The dog showed a rapid increase in hemoglobin 
when 0.1 mg. of cobalt was given per day. The calculated 
hemoglobin production during the first 2 weeks of cobalt 
supplementation was many times that produced during any 
2 weeks immediately preceding the cobalt feeding. 

In order to check the apparent stimulating effect of cobalt 
for young dogs we repeated the experiment with another litter 
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of eight mongrel Spaniel pups. This litter was also obtained 
at 2 weeks of age with the mother and was weaned to cows’ 
milk at 4 weeks of age. When the pups were 7 weeks old, 
they were quite uniformly anemic. The hemoglobin level in 
each case was between 4 and 5 gm. per 100 ce. of blood. 
Four pups were then selected for a comparison of the rate 
of hemoglobin building with and without cobalt. Each of one 
pair of dogs was fed 10 mg. of iron plus 2 mg. of copper daily 
and each of another pair was fed the same combination plus 
0.5 mg. of cobalt daily. During therapy 6 ec. samples of blood 
were taken from the jugular vein every fourteenth day. 

















Fig.2 Comparison of rate of blood building in young dogs fed iron and copper 
and iron, copper and cobalt from the beginning of therapy. 


Figure 2 shows the uniformity of the blood picture as regards 
hemoglobin and red blood cell count in all cases. Hematocrit 
readings ranged from 16 to 19% at the start of therapy and 
38 to 41% at the end of the 16 weeks period of therapy. As an 
added precaution against cobalt contamination in this ex- 
periment the ferric chloride was extracted with ether as 
follows: Analytical reagent iron wire (Mallinckrodt) was 
dissolved in C.P. concentrated HCl and extracted continu- 
ously in a Kutscher-Steudel apparatus with ether. Superoxol 
was used to oxidize the iron completely, but a small amount 
of ferrous chloride was added back to prevent the formation 
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of explosive ether peroxides during the extraction. The ether 
extract containing cobalt-free ferric chloride was freed from 
ether and made to the proper dilution by analysis. 

Effect of hemorrhage. In order to determine whether or not 
a cobalt deficiency could be produced by repeated production 
of anemia through hemorrhage, or by long-continued nutri- 
tional anemia, the following experiments were performed. Two 
litter mate pups were made anemic by the usual procedure. 
One of them was given 10 mg. of iron, 2 mg. of copper, and 
1 mg. of manganese daily for 13 weeks. At the end of this 
time the hemoglobin of the blood had reached a normal level. 
Therapy was discontinued and the dog was subjected to 
severe bleeding by phlebotomy. When anemia had again been 
produced, iron, copper and manganese were once more intro- 
duced. Again the anemia was rapidly and completely cured. 
A third anemia was produced by bleeding and was once more 
completely cured by iron, copper and manganese therapy. 

The litter mate to the above dog was fed iron alone at 
weaning but was restricted to a total intake of 420 mg. of iron. 
The dog was then fed milk alone for several months and 
finally bled to produce a severe copper deficiency. At this 
point no response was shown to iron feeding. After 3 weeks 
copper was added to the iron therapy. The response to copper 
was not complete and the hemoglobin level remained at 11 gm. 
per 100 ec. of blood. The interesting observation was made 
at this time that the red blood cell count fell from 8 million 
per cubic millimeter of blood to 5.4 million during the period 
of copper therapy. When cobalt was added to the iron, copper 
and manganese at a level of 0.5 mg. per day, a sharp rise in 
hemoglobin and red blood cell count ensued. The hemoglobin 
level rose from 11 to 15.4 gm./100 ec. and the cell count from 
5.4 to 94 M/e.mm. in a period of 3 weeks (fig. 3). Another 
dog made severely anemic by phlebotomy and depleted of 
copper showed an actual decrease in all blood values during 
iron and copper therapy, but exhibited a rapid increase when 
cobalt was added at a level of 0.1 mg. per day. 
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Addition of cobalt to dogs severely deficient in copper was 
without benefit even when adequate iron was given. In general 
the effect of cobalt seemed to be supplementary to that of iron 
and copper in those instances where copper and iron alone 
did not suffice to stimulate normal blood building. 

Determinations of reticulocyte count, hematocrit per cent 
and hemoglobin were made at regular intervals throughout 
these studies to determine whether dogs on mineralized milk 
diets show normal blood cytology. The values obtained com- 
pare so closely with those described by Scarborough (’30), 
Mayerson (730), and Morris et al. (’40) for large numbers of 
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Fig.3 Effect of cobalt addition to iron and copper therapy after long-con- 
tinued nutritional anemia and hemorrhage. 


dogs on regular kennel diets that it is not necessary to report 
them here. Let it suffice to say that the maintenance of hemo- 
globin at subnormal level in certain of our younger dogs is not 
to be confused with the normal physiological lag in arriving 
at adult hemoglobin levels shown by most species of animals 
in the rapid growing stage, and described for dogs by Morris 
et al. (°40). Comparison of our figures with those of Morris 
indicated that many of our dogs attained normal adult blood 
levels at a comparatively early age. Responses to cobalt 
appeared to be independent, so far as we could tell, of the age 
of the dogs. 
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DISCUSSION 

The results of the above experiments indicate that a cobalt 
deficiency anemia is extremely difficult to produce uniformly 
in dogs on milk diets. The stimulating effect of cobalt which 
we have observed in certain dogs appeared quite real and 
unequivocal. Possibly this effect is non-specific and would be 
produced by other elements as well; however, the well-known 
‘apacity of cobalt to stimulate a polycythemic response in 
many species suggests that here we are dealing with a specific 
function of cobalt. 

The cobalt content of milk is very low. Wright and Papish 
(29) and Blumberg and Rask (’33) claim that milk is ‘‘ spectro- 
graphically free’’ of cobalt. Underwood and Elvehjem (’38) 
used the method of Kidson, Askew and Dixon (’36) and ob- 
tained a mean of 11 yg. of cobalt per liter of milk in five 
analyses controlled by blanks and recovery tests. Results of 
several analyses which we made on 500 ce. samples of milk 
checked the results of Underwood and Elvehjem fairly well 
when the color comparisons were made visually. When the 
photometric estimation method of MacPherson and Stewart 
(’38) was used with the Evelyn photoelectric colorimeter, 
satisfactory recoveries of cobalt were not obtained on milk. 
Calcium is known to interfere with the accurate colorimetric 
determination of cobalt and this may explain the paucity of 
reports in the literature regarding the cobalt content of milk. 
For purposes of interpretation of our experiments we can 
safely say that the cobalt content of milk is low. Nothing is 
known of the possible variation in cobalt content of milks from 
different sources. 

If we consider the cobalt content of milk to be from 10 to 
20 ug. per liter, the cobalt intake of dogs on milk diet would 
be about 1.5 to 3 yg. per kilogram of body weight per day. 
Thus a 25 kg. dog might ingest as much as 0.075 mg. of cobalt 
daily from the milk alone. Since the daily requirement of a 
25 kg. sheep has been placed at only 0.1 mg. per day, it ap- 
pears that we may be operating at a level close to the minimal 
requirement. Only the use of purified diets or of foods from 
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cobalt deficient areas will permit a decision as to whether 
cobalt is generally essential for normal function of hemato- 
poietic organs. 

Use of cobalt in treatment of human anemia in infants by 
Kato (’37), in children by Waltner (’30) and in adults by 
Baxter (’39) and Cronin (’39) appeared successful only in the 
hands of the first author. In most of these cases rather large 
amounts of cobalt were used and in some of them the size 
of the dose would border on the predicted polycythemia-pro- 
ducing level for humans. A level of 0.15 mg. of cobalt per 
day is about the detectable polyeythemia-producing level in 
rats. A polyeythemic response in dogs has been obtained with 
a dose of 2 mg. per kilogram of body weight per day. The 
general biologic property of cobalt to produce polycythemia 
in animals may be quite unrelated to the essential role it 
plays in the nutrition of certain species. In any case the 
part played by cobalt in hematopoiesis is unique and con- 
tinued study of its effects should throw some light on the 
intricate mechanisms involved in blood formation. 


SUMMARY 


In many cases iron and copper suffice with milk for normal 
hemoglobin building in dogs. The addition of small amounts 
of cobalt to iron and copper therapy stimulated hematopoiesis 
in certain dogs in which the rate of blood formation appeared 
unusually slow. About one-half of the dogs studied showed a 
cobalt deficiency as evidenced by hematopoietic responses to 
cobalt at a minimum level of 0.1 mg. per day. 
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